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Preface 


The Landolt-Bornstein Volume 27 deals with magnetic properties of non-metallic inorganic 
compounds based on transition elements, such as there are pnictides, chalcogenides, oxides, 
halides, borates, silicates and phosphates. A preliminary survey of the contents of all 
subvolumes that have already appeared or have been planned to appear in the near future is 
printed on the inside of the front cover. 

The magnetic properties of halides have been compiled in Subvolume III/27J, the third part 
of which is presented herewith. The first part (Subvolume Jl, published in 1994) deals with 
halides of the general formula MX n with M being a 3d element and X a halogen element, while 
the second part (Subvolume J2, published in 1995) covers the halides composed out of three 
types of elements, A, M and X, where generally A represents an alkali element, M a 3d element 
and X a halogen element. The present Subvolume J3 contains data on the structural and 
magnetic properties of halide perovskite-type layer structures of the type A 2 MX 4 , where X = 
F- Cl , Br- and I , M = Mg 2+ , Cr 2+ , Mn 2+ , Fe 2+ , Co 2+ , Ni 2+ , Zn 2+ , Cd 2+ etc. and A = K + , Rb + 
Cs + etc. In addition to these monolayer compounds, data are also included for double-layer and 
triple-layer compounds of the types A 3 M 2 X 7 and A 4 M 3 X 10 , respectively. For X = Cl and Br“ 
data are presented on compounds where the alkali ions are replaced by n-alkylammonium 
chains, i.e. by A = (n-C n H 2n+1 NH 3 ) + , and by A = [C 6 H 5 (CH 2 ) m NH 3 ] + . Finally, diammonium 
compounds are included here where two alkali ions are replaced by divalent alkylene- 
diammonium ions, i.e. by A 2 = [NH 3 (CH 2 ) m NH 3 ] 2+ . 

The compounds with paramagnetic ions exhibit as usual magnetic ordering and magnetic 
phase transitions and many of the above listed compounds undergo structural phase transitions. 
Because of these phase transitions, the compounds dealt with in this subvolume have been of 
special interest for about 30 years. They were found to be good realizations and thus prototypes 
for a number of phase transition models like the 2D Ising model, the 2D XY-model with finite- 
size effects and the 2D Ising spin glass. For these reasons, it is appropriate to present here a 
brief sketch of the theory of phase transitions and of the relevant models, and the data in this 
subvolume comprise not only the magnetic and structural properties in general but also a 
comprehensive collection of data on critical properties near the phase transitions. 

Many thanks are due to the author for the careful selection of data and for the agreeable 
cooperation, to the Landolt-Bornstein editorial office, especially to Dr. W. Polzin and Frau I. 
Lenhart for the great help with the editorial work, and to Springer Verlag for their thoughtful 
help in the final preparation of this volume. 


Aachen, May 2001 


The Editor 



Definitions, units and conversion factors 


In the SI, units are given for both defining relations of the magnetization, B = p, 0 (//+ M) and 
B = [IqH + M, respectively. !l 0 = 4 tt- 10 7 Vs A -1 m, A: molar mass, p: mass density, P: magnetic 
moment, M : magnetic moment per unit volume (magnetization, magnetic polarization). 


Quantity 

cgs/emu 

SI 


B 

G = (erg cnT 3 ) 1 ' 2 

T = Vs nF 2 



1 G = 

10~ 4 T 


H 

1 Oe = (erg cnT 3 ) 1/2 

A nF 1 



1 Oe = 

1 0 3 /4tt A nF 1 


M 

B = H+4kM 

B = \i 0 (H + M) 

B = \i 0 H + M 


G 

A nF 1 

T 


1 G = 

10 3 AnF 1 

471-lO^T 

P 

P = MV 

P = MV 

P = MV 


G cm 3 

A m 2 

V s m 


1 G cm 3 = 

10~ 3 A m 2 

47T-10 10 Vsm 

a 

a = M/p 

a = M/p 

G = M/p 


G cm 3 g _1 

A m 2 kg -1 

V s m kg _1 


1 G cm 3 g _1 = 

1 Am 2 kg -1 

4tt- 10 7 V s m kg _1 


CT,n = a A 

a m = a A 

c7 m = a A 


G cm 3 moP 1 

A m 2 moP 1 

Vsm moP 1 


1 G cm 3 moF 1 = 

10 ’ A m 2 moP 1 

47t-l O -10 Vsm moP 1 

X 

P = X H 

P-XH 

P = XPoH 


cm 3 

m 3 

m 3 


1 cm 3 = 

4tt- 10 6 m 3 

4jx- 10 6 m 3 

Xv 

x, = xiv 

Xv=XlV 

Xv=XlV 


cm 3 cm 3 

m 3 m 3 

m 3 m 3 


1 cm 3 cnT 3 = 

4n m 3 nF 3 

4n m 3 m 3 

X g 

X% = zJp 

II 

' 

■o 

Xg = xJp 


cm 3 g 1 

m kg 

m 3 kg 1 


1 cm 3 g _1 = 

471-10~ 3 m 3 kg -1 

47t-10 3 m 3 kg -1 

Xm 

' II 

.X 

Xm ~ Xg A 

Xm ~ Xg A 


cm mol 

m 3 moP 1 

m 3 moF 1 


1 cm 3 moF 1 = 

4tt- 10 6 m 3 moP 1 

4tt- 10 6 m 3 moF 1 


Experimental errors 

In this volume, experimental errors are given in parentheses referring to the last decimal places. For 
example, 1.352(12) stands for 1.352 ± 0.012, and 342.5(21) stands for 342.5 ± 2.1. 
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9 Magnetic Properties of Halides 

(Chap. 9.1-9.5 see Subvol. III/27J1; Chap. 9.6-9.11 see Subvol. III/27J2) 


9.12 Halide Perovskite-type Layer Structures 


9.12.1 Introduction 


9.12.1.1 Characterization of Perovskite-type Layer Structures 

This contribution is devoted to halide perovskite-type layer structures and their various physical 
properties, especially to their magnetic properties and structural phase transitions. These materials are 
closely related to the perovskite family with the composition AMX 3 . There are oxide perovskites like 
BaTi0 3 and halide perovskites like KNiF 3 . Here, we will concentrate on the halides where X = F“, Cl", 
Br etc., where M = Mg 2+ , Mn 2+ , Fe 2+ , Co 2+ , Cu 2+ , Cd 2+ etc. and where A = K + , Rb + etc. The essential 
structural unit in AMX 3 compounds with the cubic perovskite structure are MX 6 octahedra where the M- 
ion is surrounded by six X-ions (see Fig. 1.1). These octahedra form a corner-sharing three-dimensional 
network. The composition of compounds with a perovskite-type layer structure is A 2 MX 4 , also with MX 6 
octahedra as structural units which form a two-dimensional network in this case. The layers with 
octahedra are sandwiched between AX layers (cf. Fig. 1.1). There are also oxides of the type A 2 MX 4 with 
the same layered structure, for example Bi 2 Cu0 4 and La 2 Cu0 4 which are closely related to the high-T c 
superconductors. But these materials are beyond the scope of this contribution and will be mentioned only 
to show parallels or differences between halides and oxides.*) In addition to the compounds with single 
perovskite-type layers as shown in Fig. 1.1, there are layered structures with double layers (see Fig. 1.2) 
or with an even higher number of perovskite-type layers sandwiched between AX layers, e.g. triple layer 
structures [90J1, 95A1]. The general formula is A 3 M 2 X 7 and A 4 M 3 X 10 for double- and triple-layer 
compounds, respectively. However, most of the halide perovskite-type layer structures studied so far are 
of the single-layer type, some are of the double-layer type and only few of the triple layer type, e.g. 
Rb 4 Cd 3 Cl ]0 [68S1, 90B2]. More examples of the latter type exist among the oxides, e.g. Sr 4 Ti 3 O 10 
[58R1], Ca 4 Ti 3 O 10 [91E] and Ca 4 Mn 3 O 10 [67C1], 

These layered structures have become famous as model systems for quasi two-dimensional magnets 
[74J1, 90J1 ]. When M is a paramagnetic ion, the cubic symmetry of the perovskite structure requires the 
exchange interaction among nearest neighbours of M-ions to be equal in all three space directions. But in 
the layer structure, the exchange interaction is strong only between nearest neighbours within the layers 
and very weak between neighbours in adjacent layers, usually smaller by three orders of magnitude than 
the intra-layer interaction. For example, K 2 CoF 4 and Rb 2 CoF 4 have been found to be almost ideal 
realizations of the two-dimensional Ising model [84H1, 84C1] which can be solved exactly [440]. In the 
double layer structures, we have a strong exchange coupling within the layers and also to the 
neighbouring layer of the double layer system. For chlorides and bromides (X = Cl, Br), it is possible to 
increase the separation of the perovskite-type layers by preparing compounds with organic n- 
alkylammonium chains instead of the alkali ions, i.e. A = (C n H 2n+1 NH 3 ) + or, more precisely, A = 
(n-C n H 2n+1 NH 3 ) + . In the following, the "n-" will be dropped, except for some cases where other 
alkylammonium groups are discussed in comparison to n-alkylammonium chains. In the compounds with 
these chains, the interlayer distance depends critically on the length n of the chains (number of carbon 
atoms), and it was the idea that the magnetic properties would be closer to those of an ideal two- 
dimensional system by increasing this distance. Another type of chlorides or bromides with organic ions 


*) For perovskite-type layered cuprates see Landolt-Bomstein, Vol. III/27F2. 
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are alkylenediammonium compounds with divalent ions A 2 = [NFl 3 (CF[ 2 ) n NF[ 3 ] 2+ which also provide an 
increasing layer separation with increasing n. The particular magnetic properties of these halide 
perovskite-type layer structures will be a major topic to be discussed in several of the following sections. 

The monoammonium and diammonium compounds (C n H 2n+1 NH 3 ) 2 MX 4 and [NH 3 (CH 2 ) n NH 3 ]MX 4 
undergo a number of structural phase transitions, mainly of the order-disorder type. The molecular 
symmetry of the organic ions does not fit to the tetragonal symmetry of the ideal A 2 MX 4 structure (cf. 
Fig. 1.1), usually called the K 2 NiF 4 structure [55B]. There are several possibilities of hydrogen-bonding 
between the NFl 3 -group and the X-ions of the perovskite-type layers which are the dominant mechanism 
for the phase transitions. This will be outlined in detail in one of the following sections and it will be 
shown that propyl-compounds (C 3 Fl 7 NF[ 3 ) 2 MCl 4 have outstanding properties among these materials with 
even some incommensurate structural phases. For longer chains (n > 5), structural phase transitions arise 
also from conformational changes in the hydrocarbon chains. In the low temperature phase, the 
hydrocarbon chains exhibit an ordered arrangement while they can be considered liquid-like in the high 
temperature phase where the layers of MX 6 octahedra still behave as a solid. 



Fig. 1.1. AMX 3 and A 2 MX 4 compounds with the cubic perovskite structure and the perovskite-type layer structure, 
resp., taken from [83R1], 
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Fig. 1.2. A 3 M 2 X 7 with a double-layer perovskite-type 
structure, after [76G1], 


K 2 Se 0 4 



Fig. 1.3. K 2 Se0 4 . High temperature structure (T> T { = 
130 K), illustrating the isolated Se0 4 (=MX 4 ) tetra- 
hedra. Two levels along the c-direction at heights 
z = j and z = -| are shown (taken from [7711)]. 
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As often occurs in nature, there exist compounds with the same composition A 2 MX 4 which are not 
perovskite-type layer structures in the above defined sense. Their structure is the (3-K 2 S0 4 structure, for 
some compounds only at high temperatures above the transition to an incommensurate phase (T > Td ■ In 
this structure, the M-ions and the X-ions form isolated tetrahedra as shown for K 2 Se0 4 in Fig. 1.3. 
Examples of this type are Rb 2 ZnCl 4 [81D1], Cs 2 CoCl 4 [56P], Rb,FeCl 4 , CsFeCl 4 [66S1], 
(C n H 2n+1 NH,) 2 ZnCl 4 [76M1, 77C1], (C n H 2n+1 NH 3 ) 2 CoCl 4 [77L1], Cs 2 CuCl 4 [52H] and other compounds. 
With the different structure, they have different physical properties. For example, the magnetic properties 
of Cs 2 CoCl 4 are that of a quasi one-dimensional antiferromagnet and not those of a quasi two- 
dimensional one [79S 1 ]. Therefore, they do not fit into the framework of this contribution and are not 
discussed here, except for a few examples where the comparison of the properties of our perovskite-type 
layer structures with these compounds brings more clarity and a better understanding. We will further not 
deal with compounds like K 2 PtCl 4 and K 2 PdCl 4 [22D, 72M1] where the crystal structure contains isolated 
square planar units of PtCl 4 or PdCl 4 , respectively, which are arranged parallel to each other. Flowever, 
compounds like (C 3 Fl 7 NF[ 3 ) 2 PdCl 4 [77W2] and [NFl 3 (CF[ 2 ) 2 NF[ 3 ]PdCl 4 [76B3] will be included since the 
PdCl 4 units are packed together there in a way that they form an infinite two-dimensional networks of 
distorted corner-sharing octahedra. Thirdly, we will exclude compounds with trivalent M 3+ -ions like 
AMX 4 , A 2 MX 5 . Examples of this type are KFeF 4 , KMnF 4 and K 2 FeF 5 *). They are in some aspects 
similar to the compounds under consideration here. Their structure consists of puckered MX 6 octahedral 
layers [72H 1 , 92M1] but for reasons of a well-rounded and complete survey we would have to include 
also a great number of compounds with trivalent ions like RbAlF 4 , LiYF 4 , LiTbF 4 , LiFloF 4 and T1 2 A1F 5 
which is beyond the limits of this chapter. Compounds of the type BaMnF 4 , BaZnF 4 will be excluded for 
similar reasons. 

In the last two decades, the compounds under consideration have been reviewed under various 
aspects, and a number of interesting data have been published in them. In their review on magnetic model 
systems, de Jongh and Miedema [74J1] included as prototypes for quasi two-dimensional magnetism the 
halide perovskite-type layer structures. Another review dealt with magnetic resonance experiments on 
these compounds [83G1]. Within the framework of low dimensional magnetic systems [90J1], they were 
reviewed with respect to magnetic phase transitions [90R1], field induced phenomena [90G3], spin waves 
[90A3], neutron scattering experiments [90H] and with respect to electron paramagnetic resonance (EPR) 
and nuclear magnetic resonance (NMR) investigations in the paramagnetic regime [90B1], Also the 
structural phase transitions of perovskite-type crystals have been the subject of reviews [87A1, 95A1]. 


9.12.1.2 Lattice Dynamics: Intralayer and Interlayer Forces 


As already mentioned, the halide perovskite-type layer structures are prototypes for two-dimensional 
magnetism which will be discussed in detail below. Another question is whether also the lattice dynamics 
of these compounds exhibits two-dimensional properties, i.e. whether the interlayer forces between the 
ions are much weaker than the intralayer forces. Since this contribution is mostly devoted to the magnetic 
properties and to the phase transitions of these compounds and since there will not be enough space for an 
extra section subjected to the lattice dynamics, it is perhaps advisable to answer the above questions 
briefly in this part of the introduction. Let us look at the mechanical and lattice dynamical properties of 
some compounds: 

a) perovskite-type layer compounds are easily cleaved parallel to the layers. This easy cleavage could be 
an indication for weak interlayer forces 

b) the second criterion are the elastic constants. Let us compare them for some of our compounds with 
those of a cubic perovskite and of a typical layer compound with very weak interlayer forces, namely 
pyrolytic graphite (all elastic constants in GPa). For a similar comparison in more detail: see [79G4] 


*) See Landolt-Bomstein, Vol. III/27J2 for these compounds. 
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cubic perovskite KZnF 3 [87B5]: 

c„ = 

134.4, 

C 33 = 

134.4, 

C 6 6 = 

= 38.3, 

C 44 = 

38.3 

layer structure K 2 ZnF 4 [84L 1 ]: 

Qi = 

90.8, 

c 33 = 

74.4, 

c 66 = 

= 25.0, 

C 44 = 

16.0 

layer str. (CD 3 ND 3 )MnCl 4 [79G4]: 

Cn = 

30.3, 

c 33 = 

18.6, 

c 66 - 

= 9.5, 

c 44 = 

3.2 

pyrolytic graphite [72N] : 

Cn = 

1440, 

c 33 = 

37.1, 

c 66 - 

= 460, 

c 44 = 

4.6 


This comparison shows that the ratios C n /C 33 and C 66 /C 44 are of the order 1 for the perovskite-type 
layer structures in contrast to pyrolytic graphite with C n /C 33 = 38.8 and C 66 /C 44 = 100 and similar 
compounds like MoS 2 [75W2]. These data give thus some evidence that the interlayer forces are not 
much weaker than the intralayer forces in the layer structures under consideration 

c) at third let us compare the infrared active lattice modes of the perovskite KZnF 3 [67P] and the layer 
compound K 2 ZnF 4 [76B2] which are shown in Fig. 1.4 as oscillator strength S = V T0 £^ ax y versus the 
wavenumber v T0 of the corresponding transverse optic (TO) branch tor q —> 0 and where £* ax is the 
maximum of the imaginary part e" of the dielectric constant at this frequency and y the width of this 
maximum. An example of such infrared spectra is shown in Fig. 2.25 in Sect. 2.2.1. For reasons of the 
anisotropy, the infrared spectroscopic measurements are performed on K 2 ZnF 4 for EA.c and 
E\\c where c means the crystalline c-axis perpendicular to the layers. The data in Fig. 1.4 reveal that 
the modes of K 2 ZnF 4 for E±c occur at nearly the same frequency with nearly the same oscillator 
strength as the modes of KZnF 3 , except for one mode which becomes infrared active in the lower 
symmetry of the layered compound. This is not surprising since the ions K + , Zn 2+ and F“ are displaced 
in these modes within the three-dimensional network of ZnF 6 octahedra in KZnF 3 and within the 
plane of the two-dimensional network of the octahedra in K 2 ZnF 4 (cf. Fig. 1.1). The modes of K 2 ZnF 4 
for E || c mean a displacement of the ions perpendicular to the layers involving also interlayer forces. 
The three modes for E\\ c have somewhat different frequencies, but are in the same frequency range 
and not at much smaller frequencies. Therefore, Fig. 1.4 gives no hint for weaker interlayer forces. 
Similar results are obtained by comparing the infrared and/or Raman active lattice modes of other 
perovskite and perovskite-type layered materials [76S6, 77G2]. 

d) A more direct evaluation of the interlayer and intralayer forces is achieved by comparing the phonon 
dispersion curves, i.e. the phonon frequencies ft) q u at wavevector q in branch p, for K 2 ZnF 4 [83R1, 
85R3] with those of KZnF 3 [81G4, 81R4, 82L2] as obtained by neutron inelastic scattering 
(experimental points in Figs. 1.5 and 1.6). Fig. 1.5 presents ft) q41 of K 2 ZnF 4 for the directions (0, 0, 1) 
and (1, 1, 0). Both start at the center T of the Brillouin zone and end for (0, 0, 1) at the high symmetry 
point Z of the Brillouin zone and for (1, 1, 0) at Z of the neighbouring zone. A broken line indicates 
for (1,1,0) the boundary between the two zones. In (0,0,1) direction, the lattice modes are 
longitudinal (L) and doubly degenerate transverse (T) ones (symmetry species A, - /\ 5 ) while the 
modes in (1, 1,0) direction are mixed transverse and longitudinal and are therefore labelled according 
to their symmetry species X, -X 4 . For the definition of high symmetry points and lines in the Brillouin 
zones of K 2 ZnF 4 (tetragonal structure 14/mmm) and of KZnF 3 (cubic structure Pm3m), the reader is 
referred to [69Z], and for the symmetry species or irreducible representations of the point group of the 
wavevector along the high symmetry lines to [63K1]. Fig. 1.6 reproduces ft) q41 of KZnF 3 for the main 
symmetry directions (1,0,0), (1, 1,0) and (1, 1, 1) starting at T and ending at the high symmetry 
points X, M and R, resp., at the Brillouin zone boundary. For all three directions, the modes are 
longitudinal (L) and doubly degenerate transverse (T) ones. The symmetry species are A! - A 5 
(1, 0, 0), Xj -X 4 (1, 1, 0) and A] - A 3 (1, 1, 1). The experimental data in Figs. 1.5 and 1.6 illustrate that 
the frequencies of the lattice modes are very similar in both cases indicating that also the forces are 
very similar. The only difference is that the number of branches is larger for K 2 ZnF 4 due to the larger 
number of particles in the unit cell. 
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The curves in Figs. 1.5 and 1.6 have been calculated by means of a lattice dynamical shell model. 
Such a model consists of long-range Coulomb forces between the ions and short-range repulsive forces 
between them. The shell model allows further to take the polarizability of the ions into account (see for 
example [62C, 72S2, 82L2, 85R3]). In some shell models, axially symmetric short range forces have been 
employed with the parameters fitted to the experimental data. But for both compounds, a successful fit 
was also obtained [81G4, 82L2, 85R3] by calculating the short-range force constants from crystal- 
independent interionic potentials for the K-F and F-F interactions which were originally derived for 
alkali halides [77C6, 78S10, 78S11] and also used for calculating various properties of perovskites 
[81K11, 89B3]. For KZnF 3 and K 2 ZnF 4 , the application of interionic potentials requires only to take the 
different distances of the ions within the octahedra and for K 2 ZnF 4 between the octahedral layers into 
account. For the three-dimensional network of octahedra as the basic structural element in the perovskites 
and the two-dimensional network in the perovskite-type layer structure (cf. Fig. 1.1), the forces are nearly 
equal in both cases and there is no principle difference between the intralayer and interlayer forces in 
K 2 ZnF 4 because of the same interionic potentials and because of the Coulomb forces which are equal in 
all directions of space depending only on the distance between the ions. The interionic potentials have 
also successfully been applied to other perovskite-type layer materials like K 2 MnF 4 , K 2 NiF 4 and K 2 CuF 4 
[82S3]. Further, nonempirical interionic potentials were employed to calculate various properties of 
KZnF, and K 2 ZnF 4 like lattice constants, ionic positions in the unit cell, elastic constants and phonon 
dispersion curves which all agree reasonably well with the corresponding experimental data [92M7]. 

The conclusion from these examples is that the lattice dynamics of the perovskite-type layer structures 
exhibits three-dimensional behaviour and not a two-dimensional one, in contrast to the magnetic 
properties. Also the critical exponents (cf. Sect. 4.1.1) obtained at the structural phase transitions confirm 
this three-dimensional character (cf. Table 6). 



1.5 


K 2 Zn F 4 

flic 

_i_ 





0 100 200 300 400 500 


Wavenumber v m [cm '] 


Fig. 1.4. KZ 11 F 3 and K 2 ZnF 4 . Oscillator strength 
S = Vto £max Y versus wavenumber Vxo of infrared 
active lattice modes where £" nax i s the maximum of the 
imaginary e" part of the dielectric constant and y its 
width at the wavenumber Wpo • The infrared data on 
KZ 11 F 3 are taken from [67P], those on K 2 ZnF 4 fori? T c 
and E\\c from [76B2], For further explanations, see 
text or [83R1], 
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Fig. 1.5. K 2 Z 11 F 4 . Phonon dispersion curves, i.e. 

frequency 0) a u (branch p) versus wavevector q, for the 
directions (0,0,1): L [Aj (plusses), A 4 (crosses)], 
T [A 5 (plusses)] and for (1,1,0) [Xj (plusses), 
X 2 (plusses), X 3 (crosses), X 4 (plusses)]; also shown: 
infrared (full triangles) and Raman (full circles) data. 


The points represent experimental data and the curves 
(A 4 , X 3 : broken lines, all others: full lines) are 
calculated by means of a lattice dynamical shell model 
(taken from [85R3]). For further details, see text or 
[83R1.85R3]. 
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Fig. 1.6. KZ 11 F 3 . Phonon dispersion curves, frequency 
CO a u (branch p) versus wavevector q, for the directions 
(1,0,0): L [Aj (crosses), A 2 (full circles)], T [A 5 
(plusses)]; (1,1, 0): L [Xj (crosses)], T [X 2 (plusses), Z 3 
(full circles), Z 4 (plusses)]; (1, 1, 1): L [Aj (crosses), A 2 
(full circles)], T [A 3 (plusses)]; also shown: infrared 


data [LO (full triangles), TO (full squares)]. The points 
are experimental data and the curves (A 2 , X 3 , A 2 : 
broken lines, all others: full lines) are calculated by 
means of a lattice dynamical shell model (taken from 
[82L2]). Encircled points: taken from [81R4], For 
further details, see text. 
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9.12.1.3 Comments on Notation and Units and Table 1 


Let us start with a brief survey over the following sections. This contribution will be organized as 
follows: 

The following Section 2 will be devoted to the structures of halide perovskite-type layer compounds 
and their structural phase transitions. The structural data are compiled in Table 2 and the distances 
characterizing the layer structures in Table 3. The text in Section 2 introduces to all symbols and 
abbreviations used in the Tables and illustrates with some figures the various structures, including the 
magnetic ones. For the structural phase transitions, experimental data will be discussed as well as group 
theoretical connections between the phases and model calculations for the transitions. All data about the 
structural phase transitions are collected in Table 4. 

The magnetic properties will be introduced in Section 3, the various magnetic orderings at low 
temperatures and magnetic interactions. Also, linear and renormalized spin-wave theories will briefly be 
explained and all other theoretical definitions and connections which are necessary for the understanding 
of the entries to Table 5 with all data about the magnetic properties like various exchange constants, 
anisotropy fields. The important experimental methods for exploring the magnetic properties are neutron 
difraction, neutron inelastic scattering and magnetic resonance experiments. 

As already mentioned, perovskite-type layer compounds are with their two-dimensional magnetic 
properties prototypes and close realizations for certain models of phase transitions like the Ising model, 
the XY-model or the Fleisenberg model. These differ in the critical exponents at the phase transition. 
Therefore, Section 4 will deal with the critical properties observed near the critical temperature at which 
the system undergoes the phase transition. Section 4 will further introduce to the critical exponents and 
critical amplitudes. The corresponding numerical values are listed in Table 6. Not only the static but also 
the dynamic critical behaviour is of interest and, in this context, also the results of electron paramagnetic 
resonance at temperatures far above the critical temperature are a subject in Section 4 because of their 
relation to the correlation function of the system which is responsible for the fluctuations near the critical 
temperature and also for the typical two-dimensional effects observed at elevated temperatures. 

In Tables 2-6, the various data of the perovskite-type layer compounds, i.e. structures, structural 
phase transitions, magnetic and critical properties, are compiled in the following order: 

a) fluorides 

b) chlorides, bromides, and iodides with inorganic A + -ions 

c) chlorides and bromides with organic A + -ions 

d) diammonium compounds with X = Cl , Br 

e) diluted magnets (magnetic compounds doped with diamagnetic M 2+ -ions) 

f) mixed magnets (magnetic compounds doped with other paramagnetic M 2+ -ions) 

Within these sections, the compounds are ordered according to the atomic number of the divalent M-ion. 
For all numerical values in Tables 2-6, the error limits (standard deviation or appropiate estimate) are 
given as a number in parentheses corresponding to the last decimal place. The above listing indicates that 
it is advantageous to deal separately with mixed crystals and solid solutions of the type A 2 M x M 1 _ x X 4 
with two different divalent ions M 2+ and VL~ because of the special properties of such systems as, for 
example, spin glass behaviour. Mixed crystals of the type A x A,_ x MX 4 with two different A + -ions or of 
the type A 2 M(X x X!_ x ) 4 with two different XMons, on the other hand, are dealt with in the sections of 
the pure materials a)-b). This order applies not only to the tables but also to the text sections. 

With respect to the tables, it is further worth noting that some data on perovskite-type layer structures 
with the composition A 2 MX 4 have already been published in this Landolt-Bornstein series about 25 years 
ago in Vol. III/4a [70G1] and nearly 20 years ago in Vol. III/12a [78N1]. It is unavoidable that there is 
some overlap between this contribution and the previous ones. Flowever, there have been published so 
many new and interesting results in the mean time that it is justified to write a new compilation of data 
and results on these compounds. In the Tables, e.g. on structural and magnetic properties, we refer to the 
previously published data by [III/4a] or [III/12a], respectively, under remarks in the Tables. In those cases 
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where no new data are available we will also include the "old" data in order to have a complete survey. In 
the Tables, this will be marked by "[III/4a] rep." and "[III/12a] rep.", respectively ("rep." = "repro¬ 
duced"). This applies mostly to Table 2 since the previous contributions to the Landolt-Bornstein series 
are usually restricted to structural data and do not list data about structural phase transitions or magnetic 
properties in detail. 

The symbols and abbreviations used in the sections and the tables of this contribution are compiled in 
Table 1. The units for the various quantities have been mostly chosen according to the international SI- 
system. That means, for example, that the lattice parameters of the crystal structures are given here in nm 
and not in A-units as in the previous contributions in Vol. III/4a and Vol. III/12a. The symbols and the 
notation for physical quantities is in most cases chosen in accordance with the literature. Where different 
symbols are used for the same quantity in different references, there has to be a unified and unique choice 
in this contribution. It is further inevitable to use one symbol or letter for more than one quantity (cf. 
Table 1). For example, in context with equations of motion and temporal evolutions, "t" is the time and, 
in context with critical phenomena, "t" is the reduced temperature equal (T/T c - 1). Some special 
arrangements are necessary for energy units in context with spectroscopic techniques since it is quite 
unusual to present the energy of elementary excitations like phonons or magnons in J. Mostly the units 
used for this purpose depend on the spectroscopic technique. In neutron scattering, THz or meV are 
frequently used and cm -1 in infrared and Raman spectroscopy. For thermodynamic considerations, 
characteristic energies are expressed in K. In order to make the entries to the Tables comparable, two 
units, namely cm 1 and K, have been chosen for the data collected in this contribution from the number of 
various units, and the corresponding data have, if necessary, been converted to these units. 

A further remark concerning units is for the magnetic field. Unfortunately, the Si-unit for H( A/m) has 
not found common use. Therefore, we will use here for H the magnetic flux density in vacuum B = p 0 // in 
T as most people do. Older units like kG or kOe will be converted to T. Also the magnetization M will be 
given in T throughout this contribution and, consequently, the magnetic dipole moment in Vsm = Tm 3 , 
e.g. p B = 1.16541 ■ 10" 29 Vsm. This choice of the units for H, M and p B implies that a factor (p 0 ) _1 has to 
be introduced for products like MH, \i b H and (p B ) 2 for obtaining the energy density in Jm " 3 , the energy in 
J and the product (p B ) 2 in Jm 3 . In order to present g[l B H, MH and similar expressions in the form 
commonly used in the literature we will suppress the unusual factor (p 0 ) _1 m the equations containing 
such expressions. But it is tacitly assumed that in these expressions the units of H are converted from T to 
A/m, different from our choice, or, equivalently, a factor (p 0 ) _l is added in order to obtain the appropiate 
energy units. One exception to these rules is concerned with the product (gp B ) 2 , where the factor (p 0 ) _l is 
explitcitly included in the equations to obtain the correct dimension Jm 3 , for example in the Curie 
constant C which appears in the Curie law and in the Curie-Weiss law and which reads in our notation 
C= (N/V) ■ [(gp B ) 2 /(3p 0 £ B )]. 

As the reader of this contribution will have noticed already, it is Chapter 9.12 within the III/27 
volumes of the Landolt-Bomstein series. Thus, each section is labelled accordingly, e.g. 9.12.1.2 or 
9.12.2.2.4 (cf. also the Table of Contents and the titles in this section). For reasons of better lucidity and 
to avoid unwieldy forms, the common prefix 9.12 is dropped when reference is given to another section in 
the text or on the tables. If, for example, a remark in Sect. 9.12.3.2.1 refers to Sect. 9.12.2.1.2, this is 
written as: see Sect. 2.1.2. For the same reason, the figures and the equations are numbered within the 
sections 9.12.1 - 9.12.4 also without 9.12, e.g. Fig. 3.24, i.e. Fig. 24 in Sect. 9.12.3, or Eq. 2.36, i.e. 
Eq. 36 in Sect. 9.12.2. 
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Table 1. List of Symbols and Abbreviations 


a) Symbols 


A, B, C 

a 2 mx 4 

factors in the internal energy U (n b n 2 , n 3 , n 4 ), cf. Eq. 2.29 (Sect. 2.2.4) 

perovskite-type layer structure with A + , M 2+ and X ions, introduced in Sects. 
1.1 and 2.1.1 

A x A 2 _ x MX 4 , 

A 2 M x M!_ x X 4 , 

A 2 MX x X 4 _ x 

A + , A~, A 

] [ mixed crystals of A 2 MX 4 with concentration x: a) with two different A + - 
m ions, b) with two different M 2+ -ions, c) with two different X-ions X” and 

J l X~ (cf. Sects. 2.1.1 and 2.1.5) 

specific heat critical amplitude, + for T> T c , - for T < T c , without superscript 
for T>T C and for T<T C 

^DS 

^EPR [T] 

constant factor in I(q, Ax, ji) Eq. 4.105 (Sect. 4.1.11) 

constant part of the EPR linewidth, see Eq. 4.164 in Sect. 4.2.6 and 
Eq. 4.186 in Sect. 4.2.8 

^EPR 

factor of the spin diffusion term of the EPR linewidth, obtained at the magic 
angle, see Eq. 4.183 in Sect. 4.2.8 

^LS 

constant factor in S(q, (0) for T near T c , cf. Eqs. 4.158 and 4.158a (Sect. 
4.2.3) 

^NMR 

abbreviation for the geometrical factors associated with the hyperfine 
interaction, see Eq. 4.161 (Sect. 4.2.5) 

^RF 

amplitude of the Lorentzian part of S(q) in a random field system, see 
Eq. 4.118 (Sect. 4.1.12) 


amplitude of the Lorentzian part of S(co) for diluted system, see Eq. 4.151 
(Sect. 4.2.2) 

^hf 

AAA 

1 *nj ng’ 1 ^nu 

hyperfine coupling coefficient, see Eq. 3.125 (Sect. 3.3.1) 

symmetry species (irreducible representations) of a point group in the 
Mulliken or chemical notation (n = 1, 2, 3, etc.), the additional subscripts g 
and u apply to point groups with inversion symmetry and mean even and odd 
with respect to this point group operation, for details see [64T] and [78B3] 

A 

^na 

number of ways in which a n-ion cluster of type a can be implemented, 
cf. Eq. 3.130 in Sect. 3.3.2 

^theory 

theoretical specific heat critical amplitude for the anisotropic Heisenberg 
model, see Eq. 4.19 (Sect. 4.1.3) 

Abma, I4/mmm, 
P4 2 /ncm 

symbols for space groups in the international notation [691, 69Z] 

# 3 , # 5 , fly 

coefficients of the nonlinear part of M (Eq. 4.124) and of the nonlinear 
susceptibility^ nl (Eq. 4.125, Sect. 4.1.13) 

a, b, c [nm] 
a, b, c, d, f, g 

lattice parameters 

factors in the Landau-type internal energy L/(ri x , r\ 2 , rj 3 ), cf. Eq. 2.33 (Sect. 
2.2.4) 

a, b , c 

a*, b*, c* 

a' [nm] 

basic lattice vectors 

basic vectors of the reciprocal lattice 

distance between the two layers of a double layer system, as introduced in 
context with Eqs. 2.6 and 2.7 (Sect. 2.1.1) 
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Table 1. List of Symbols and Abbreviations (continued) 


a nn [nm] 

«nn,o [nm] 

nearest neighbour distance of paramagnetic M 2+ -ions 

reference value of fl mi for the model calculation of J(a nn ), see Eq. 3.1 
in Sect. 3.1.1, a^o = 0.4074 nm 

<T) 

/’-dependent critical exponent of % ■ k B T as function of the number of spins N 
(finite-size!), cf. Eq. 4.62 (Sect. 4.1.8) 

a [cm" 1 or K] 

parameter of the 4 th order out-of-plane single-ion anisotropy, tetragonal 
symmetry, cf. Eq. 3.34 (Sect. 3.1.5) 

Cl n 

coefficients in the high-temperature series expansion for the susceptibility 
see Eq. 3.26 (Sect. 3.1.3), n = 1, 2, 3,... 

a n (T) 

coefficients in the expansion of the susceptibility % with respect to powers of 
the concentration x in a diluted system, see Eq. 3.131 (Sect. 3.3.2) 

a i"> a i 

local Bose creation and annihilation operators for spin deviations at lattice 
site i on sublattice a, cf. Eq. 3.3 (Sect. 3.1.2) 

a q , a q 

wavevector dependent creation and annihilation operators on sublattice a, 
cf. Eq. 3.4a (Sect. 3.1.2) 

B~iy 

barrier height in activated dynamics (cf. Sects. 4.1.13, 4.2.2) 

B = b{ 2-q) 

nonuniversal parameter in the exponential law for '/(T) in the Kosterlitz- 
Thouless theory, see Eq. 4.44 (Sect. 4.1.8) 

B 2 

coefficients in the expansion of M(T)/M( 0) with respect to t = T/T c -l 
in Eq. 4.1 (Sect. 4.1.1), B 0 is the order parameter critical amplitude 

B 2 , b\ [cm 1 or K] 

factors describing the strength of the uniaxial and the cubic crystalline field, 
see Eq. 3.33 (Sect. 3.1.5) 

B(q) = B q 

^-dependent factor in the spin-wave calculations and in the microwave 
absorption rate for parallel pumping, see Eq. 3.116 (Sect. 3.2.5) 

B epr [T K 1 ] 

factor of the term linear in T in the EPR linewidth, see Eq. 4.164 in Sect. 
4.2.6 and Eq. 4.186 in Sect. 4.2.8 

D 

°EPR, antisymmetric exchange 

theoretical form for B EP R , resulting from antisymmetric exchange, 
see Eq. 4.187a in Sect. 4.2.8 

D 

°EPR, anisotropic exchange 

theoretical form for B EPR , resulting from anisotropic exchange, see Eq. 
4.187b in Sect. 4.2.8 

^RF 

amplitude of the Lorentzian squared in S(q) of a random field system, 
see Eq. 4.118 (Sect. 4.1.12) 


amplitude of the anomalous spin diffusion part of S((0) in a diluted system 
(cf.Eq. 4.151 in Sect. 4.2.2) 

Bhf 

1 k- ®ng5 ^ii 

hyperfine coupling coefficient, see Eq. 3.125 (Sect. 3.3.1) 

symmetry species (irreducible representations) of a point group in the 
Mulliken or chemical notation (n = 1, 2, 3, etc.), the additional subscripts g 
and u apply to point groups with inversion symmetry and mean even and odd 
with respect to this point group operation, for details see [64T] and [78B3] 

b 

nonuniversal parameter in the exponential law for g(T) in the Kosterlitz- 
Thouless theory, see Eq. 4.43 (Sect. 4.1.8) 

b[ T] 

oscillating magnetic flux density of the microwave or millimeter wave in 
magnetic resonance, see Eq. 3.46 (Sect. 3.1.6) 
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Table 1. List of Symbols and Abbreviations (continued) 


K 

coefficients in the high-temperature series expansion of the reciprocal 
susceptibility^ 1 , see Eq. 3.27 (Sect. 3.1.3), n = 1, 2, 3,... 

b !’ b i 

local Bose creation and annihilation operators for spin deviations at lattice 
site j on sublattice b, cf. Eq. 3.3 (Sect. 3.1.2) 

bq,b q 

wavevector dependent creation and annihilation operators on sublattice b, 
cf. Eq. 3.4a (Sect. 3.1.2) 

C[K] 

C [m s” 1 ] 

Curie constant, see Curie-Weiss law Eq. 3.25 (Sect. 3.1.3) 

factor in the magnon dispersion relation of a Heisenberg antiferromagnet, 
hydrodynamic description (Eq. 3.139, Sect. 3.3.3) 

C 2 (r, x) 

pair connectedness function in diluted magnetic systems, see Eq. 4.90 
in Sect. 4.1.11 

Co,ct,Ct 

coefficients in the expansion of % with respect to t=T/T c - 1 in Eq. 4.8 
(Sect. 4.1.2), Cq is the magnetic susceptibility critical amplitude 

Cafmr |TK 4 | 

C EP r [T] 

Qmmr [T] 

C m [K~ 3/2 ] 

factor in T^-law for the AFMR linewidth, Eq. 3.13 (Sect. 3.1.2) 
factor of r p in the EPR linewidth (Eqs. 4.164 and 4.165 in Sect. 4.2.6) 
factor of r w in the NMR linewidth (Eq. 4.160 in Sect. 4.2.5) 

factor in the T ] 2 -dcpcndcnce of the magnetization of a ferromagnet, cf. 
Eq. 3.78 (Sect. 3.2.1) 

Cbroad [T] 

factor of the concentration x in A// EPR (x ^ 0) - A7/ EPR (x = 0), see Eq. 4.189 
(Sect. 4.2.9) 

c, C mn [Pa] 

elastic (stiffness) constants (m, n= 1, 2, ..., 6) in the Voigt notation, e.g. 
C 12 : I2=x 0 x 0 y 0 y 0 , C 66 : 66 =x 0 y 0 x 0 y 0 (cf. [55L]) with x 0 , y 0 referring to the 
(x 0 ,y 0 ,z 0 ) coordinate system of the parent phase 14/mmm throughout this 
contribution 

C 6 ° 6 [Pa] 

elastic constant C 66 without coupling to the structural phase transitions, see 
Eq. 2.36 in Sect. 2.2.4 

CpfJmol 1 K 4 ] 

C p o [J mol 1 K '] 

Cp(^)trans5 ^C p 

(molar) specific heat (at constant pressure) 

background specific heat due to lattice vibrations, cf. Eq. 4.81 in Sect. 4.1.10 

anomalous part of the specific heat at a phase transition, see Eqs. 2.18a, 2.18b 
(Sect. 2.2.1) and Eq. 4.81 (Sect. 4.1.10) 

CphonontJmoL'K- 1 ] 

(molar) specific heat, calculated from the spectrum of lattice vibrations, 
cf. Eq. 2.17 in Sect. 2.2.1 

C magn [J mol 1 K '] 

magnetic contribution to the specific heat in a ferro- or antiferromagnetic 
system 

Cmagn (^E ) 

^-r2D ^-t3D 

'-'magn? '-'magn 

n-th derivative of C magn (h' E ) with respect to h' E (cf. Sect. 4.1.9) 

magnetic specific heat of the system in the 2D and 3D regime, resp., 
seeEq. 4.76 (Sect. 4.1.9) 

c' .La, b 

means that c' is a direction perpendicular to a and b which is different from 
the direction of c in monoclinic crystals, i.e. Z(c, c') = /3- 90° 

c 

velocity of light in vacuum, c = 2.997924 • 10 s m/s 

c 

nonuniversal parameter in Eq. 4.67 (Sect. 4.1.8), finite-size 2D XY-model, 
see also Eq. 4.68 
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Table 1. List of Symbols and Abbreviations (continued) 


Cn 

x-over 
D [m 2 s” 1 ] 

D ± ,E 

A)S 

D f 

D dm [cm -1 or K] 

D s (r), D(x,y) 

D [cm” 1 or K] 

Z) A , D b [cm” 1 or K] 

D [cm 1 or K] 

D 18 n 17 P 5 
u 2h> u 4h > P2h 

d 

d [nm] 
d [A m” 2 ] 

(A d) [nm] 

E [V m” 1 ] 

E [cm” 1 or K] 

^bb> ^AA,q> 
^BB,q: -^AB.qt ^BA.q 

^ex [J] 

D,[J] 

D f [J] 


constant factors in the relations for the time- and frequency-dependent 
susceptibilities x'zc (&>, 7) and (ft), J), see Eq. 4.150 (Sect. 4.2.2) 

coefficients in the high-temperature series expansion for the magnetic 
specific heat C magn , see Eq. 4.39 (Sect. 4.1.7) n = 1, 2, 3,... 

crossover, e.g. 2D XY 3D XY 

diffusion constant, long-time behaviour of the two-spin correlation function 
(spin diffusion), see Eq. 4.179 in Sect. 4.2.8 

coefficients for the background of the specific heat, constant and linear term, 
see Eqs. 4.16 and 4.17 (Sect. 4.1.3) and Eqs. 4.81 and 4.82 in Sect. 4.1.10 

constant factor for k( 0, p) in Eqs. 4.109a and 4.109b (Sect. 4.1.11) 
fractal dimension, see Eq. 4.100 (Sect. 4.1.11) 

constant vector D dm = (D DMiX , D dm D dm z ) as parameters of the anti¬ 
symmetric exchange, i.e. of the Dzyaloshinskii-Moriya interaction, see Eq. 
3.52 (Sect. 3.1.7) 

density profile of a cluster in a diluted magnetic system and associated 
scaling function, see Eq. 4.99b (Sect. 4.1.11) 

parameter of the 2 nd order out-of-plane single-ion anisotropy, tetragonal 
symmetry, cf. Eqs. 3.16 (Sect. 3.1.2), 3.34 and 3.35 (Sect. 3.1.5) 

A 2 M x Mi_ x X 4 : out-of plane anisotropy parameters for M- and M -ions 
(virtual crystal model, Eq. 3.142, Sect. 3.3.4) 

anisotropy parameter in Hamiltonian 76(1) for a canted ferromagnet, 
cf. Eq. 3.81 (Sect. 3.2.2) 

symbols for space groups in the Schoenflies notation [691, 69Z] 
space dimensionality (cf. Sect. 4.1.1) 

interlayer distance, i.e. separation of the perovskite-type layers, perpendicular 
to the layers 

oscillating electric flux density of the microwave or millimeter wave in 
AFMR, see Eq. 3.46 (Sect. 3.1.6) 

difference of interlayer distance d for An = 1, i.e. for one CH 2 group more in 
the hydrocarbon chain, averaged over a series of compounds 
(C n H 2n+1 NH 3 ) 2 MCl 4 with various chain lengths n 

electric field 

parameter of the 2 nd order in-plane single-ion anisotropy, orthorhombic 
symmetry, cf. Eq. 3.35 (Sect. 3.1.5) 

energy terms in the secular equation of the mean or virtual crystal model 
for mixed systems (cf. Eq. 3.143, Sect. 3.3.4) 

excitation energy, in context with the Arrhenius law for the electrical 
conductivity, cf. Eq. 2.44 (Sect. 2.2.6) 

neutron scattering: energy of the incident neutron 
neutron scattering: energy of the scattered neutron 
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Table 1. List of Symbols and Abbreviations (continued) 


E n , EJq), E m 

Ising cluster energies in diluted antiferromagnets, Eqs. 3.140 and 3.141 
in Sect. 3.3.3 

E n ,U’ ^n,C 

Ising cluster excitations of M- and C-ions for non-collinear ordering in a 
mixed magnetic system (Eq. 3.153, Sect. 3.3.6) 

En =E n -a El 

energy E n for Co-compounds, modelling the nonlinear dependence on the 
molecular field in the lowest Kramers doublet as discussed in Sect. 3.3.3 and 
in [80C1] 

E v [cm' 1 ] 

E s [ J] 

peak energy of the two-magnon Raman line (cf. Figs. 3.4 and 3.5) 

excitation energy of a 2D soliton, see Eqs. 4.170, 4.170a and 4.171 
in Sect. 4.2.7 

E ng , ^ mi 

symmetry species (irreducible representations) of a point group in the 
Mulliken or chemical notation (n = 1, 2, 3, etc.), the additional subscripts g 
and u apply to point groups with inversion symmetry and mean even and odd 
with respect to this point group operation, for details see [64T] and [78B3] 

e [cm' 1 or K] 

parameter of the 4 th order in-plane single-ion anisotropy, tetragonal 
symmetry, cf. Eqs. 3.34 (Sect. 3.1.5) 

e(h A ) 

temperature-independent renormalization factor in renormalized spin-wave 
theory, cf. Eq. 3.24a (Sect. 3.1.3) 

e[W m” 1 ] 

oscillating electric field of the microwave or millimeter wave in magnetic 
resonance, see Eq. 3.46 (Sect. 3.1.6) 


elastic strain (m= 1, 2, ..., 6) in the Voigt notation, e.g. e 6 : 6 = x 0 y 0 in the 
(x 0 , y 0 , z 0 ) coordinate system 

F 

factor relating the temperature derivative of LMB data to the magnetic 
specific heat C magn , see Eq. 4.18 (Sect. 4.1.3) 

F ~L e 

typical droplet energy in activated dynamics (cf. Sect. 4.2.2) 

F(x) 

F [JnT 3 ] 

F[oj(t x n 

scaling function for x'L (©> T), see Eq. 4.128 (Sect. 4.1.13) 

free energy of a system as defined in thermodynamics, per unit volume 

scaling function, homogeneous in cr 6 / (/, ) <p where tp is the crossover exponent, 
see Eq. 4.87 in Sect. 4.1.10 

E(0J) 

time Fourier transform of the two-spin correlation function G(r, t), see Eqs. 
4.180 and 4.181 in Sect. 4.2.8 

F'hK, m) 

frequency distribution or spectral shape function, fluctuations of spin 
components S a and Sp (a, [3 =x, y,z), cf. Eq. 4.23 (Sect. 4.1.5) 

E\\(K, ft)) 

spectral shape function for longitudinal critical fluctuations (parallel to the 
easy axis), cf. Eq. 4.131 (Sect. 4.2.1) 

A F [Jm'| 

/[Hz] 

Aimr: 4/nmr [MHz] 

additional term in the free energy, cf. Eq. 2.36 (Sect. 2.2.4) 

frequency 

NMR frequency or difference of NMR frequency (see e.g. [77A2]), reflecting 
the internal field acting on the nuclei 

II 

£ 'a- 

magnetic form factor 

^-dependent term in renormalized spin-wave theory, see Eq. 3.18 (Sect. 
3.1.3) 
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Table 1. List of Symbols and Abbreviations (continued) 


Av) 

in EPR: A // EPR = /( V) means that the constant term of the EPR linewidth 
depends on the frequency V at which the experiment is performed 
(cf. Eq. 4.165 inSect. 4.2.6) 

fit- range) 

in EPR: C EPR = /(/-range) means that the factor C EPR is different for different 
ranges of t since A// EPR is to be continuous at an x-over point (cf. Eq. 4.165 
in Sect. 4.2.6) 

G a(3 (r, t) 

spin pair correlation function for fluctuations of spin components S a and Sq 
(a, (3 = x, y, z), see Eq. 4.22 (Sect. 4.1.5) 

G(r, 1) 

simplified form of the two-spin correlation function, see Eq. 4.180 in 
Sect. 4.2.8 

G(h, of 

free energy as a function of reduced temperature and elastic stress <J 6 in a 
scale-invariant form, see Eq. 4.87 in Sect. 4.1.10 and also [74A2, 82G1] 

G(ft)) [arb. units] 

frequency distribution = generalized phonon density of states as a function of 
the frequency ft) 

G 0 , G b G 2 , etc. 

space groups of the structural phases of a compound, where G 0 is the parent 
phase ("para"-phase) and G,, G 2 etc. are usually subgroups of G 0 

g 

g-factor: in general or isotropic system 

Ha, Hb, gc 

g-factor for magnetic fields parallel to the a-, b-, or c-axis, respectively 

g\\, g± 

g-factor for magnetic fields Hq parallel or perpendicular to the c-axis, 
cf. Eq. 3.125 in Sect. 3.3.1 

gl 

H(x), g(x) 

g-factor of the nuclear spin I, assumed to be isotropic 

scaling functions for C masm and d(An)/dr in random field systems, 
cf. Eq. 4.117a, 4.117b (Sect.‘4.1.12) 

g(A>, H x ) 

scaling functions for the nonlinear susceptibility % nh see Eq. 4.127 
(Sect. 4.1.12) 

gb gl, g3 

g(<l) = gq 

special set of basic lattice vectors, see Eq. 2.21 (Sect. 2.2.1) 

^-dependent term in renormalized spin-wave theory, see Eq. 3.15 
(Sect. 3.1.2) 

g(T) 

H[ T] 

distribution of relaxation times T, see Eq. 4.148 (Sect. 4.2.2) 

Hamiltonian 

magnetic field, expressed by the magnetic flux density in vacuum 
(1 T = 1 Wb m~ 2 ) 

^4,eff, H b.eff [T] 

effective magnetic field acting on sublattices a or b, see Bloch-Bloembergen 
equation, see Eq. 3.42 (Sect. 3.1.6) 

Hq [T] 

H 0 = (H 0 x ,H 0 y ,H 0/ ) [T] 

tfo = (gc/ga)tfo[T] 

applied external magnetic field 

applied external magnetic field with x-, y- and z-components 

modified external magnetic field (H 0 || c), taking into account the anisotropy 
of the g-factor, see Eq. 3.97 (Sect. 3.2.3) 

H\ [T] 

H K u,H kc [T] 

anisotropy field, i.e. the main or out-of-plane anisotropy field 

virtual crystal model Eq. 3.151: out-of-plane anisotropy fields of M- and 
C-ions, respectively (Sect. 3.3.6) 
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Table 1 . List of Symbols and Abbreviations (continued) 


^A.M’^A.C IT] 

Hi = {gJg c )H A [T] 
H a ,H a [T] 


H A uH A2 [T] 

H ad [T] 

H C (T) [T] 

H a CF ,H h CF ,H c CF [T] 
H cs . [T] 

Hd [T] 


H f [T] 

Id F„MM) dd F CC , H e mc 

h f [T] 

I ha [T] 




H mi ,a [T] 

//,-es [T] 

TT TT 

“res/m? - rz res,£ 


//sf [T] 


#MF [T] 

H* M ,H h PM ,H c PM [T] 


A/Fafmr [T] 
A^afmr [T] 
A^ epr [T] 


virtual crystal model Eq. 3.151: in-plane anisotropy fields of M- and C-ions, 
resp., of tetragonal symmetry (Sect. 3.3.6) 

modified anisotropy field for // 0 || c, taking into account the anisotropy of the 
g-factor, see Eqs. 3.108-3.109a (Sect. 3.2.3) 

in-plane anisotropy fields corresponding to the in-plane single-ion 
anisotropies of orthorhombic and tetragonal symmetry, resp., see Eqs. 3.37 
(Sect. 3.1.5) and 3.41 (Sect. 3.1.6) 

anisotropy fields corresponding to the anisotropy parameters P and D in 
Eq. 3.81 (Sect. 3.2.2), see Eq. 3.101 (Sect. 3.2.3) 

anisotropy field, calculated from magnetic dipolar interactions, cf. Eqs. 3.8 
and 3.12 (Sect. 3.1.2) 

easy-plane ferromagnets: critical field H\\c at which the system undergoes 
the transition from the ferro- to the paramagnetic state at a temperature 
T< T c (cf. Fig. 3.33 in Sect. 3.2.1) 

critical magnetic field for H 0 || a, H 0 || b or H 0 || c, resp., in antiferromagnets 
with spin canting (H D 0, see Eq. 3.60 in Sect. 3.1.8 for H 0 || c) 

magnetic field at the critical point in the ( H 0 , T) phase diagram of an anti- 
ferromagnet (see Fig. 3.18 in Sect. 3.1.6) 

Dzyaloshinskii-Moriya field, corresponding to antisymmetric exchange 
(Eq. 3.53 in Sect. 3.1.7) and to special anisotropic exchange in Cu- 
compounds (Eq. 3.99 in Sect. 3.2.3) 

intralayer exchange field 

virtual crystal model Eq. 3.151: exchange fields for pairs of M-M, C-C, and 
M-C ions (Sect. 3.3.6) 

interlayer exchange field, see Eq. 3.96 (Sect. 3.2.3) 

random field in a diluted antiferromagnet with (H RF ) = 0 and (H RF ) ^ 0 
(cf. Sect. 4.1.12) 

hyperfine field in Mossbauer spectroscopy, cf. Sect. 3.3.2 
a-component of the internal magnetic field H[ at , see Eq. 3.92 (Sect. 3.2.3) 
magnetic field at resonance (AFMR, EPR, FMR) 

magn. field at resonance for the FMR-mode and the AFMR-mode of anti¬ 
ferromagnets in the field-induced paramagnetic phase (cf. Sect. 3.1.8) 

antiferromagnet: critical field for the spin-flop transition, see Eqs. 3.38, 3.39 
(Sect. 3.1.6) and 3.57 (Sect. 3.1.8) 

molecular field, see Eq. 3.61 (Sect. 3.1.9) 

antiferromagnet: critical field for the transition from the AF- or the SF-phase 
to the PM-phase for H 0 \\a, || b and H 0 \\c, resp., cf. Eqs. 3.57-3.59 

(Sect. 3.1.8) 

linewidth in antiferromagnetic resonance (AFMR), cf. Eq. 3.13 (Sect. 3.1.2) 
AFMR linewidth for T —> 0, including instrumental linewidth 

linewidth of the electron paramagnetic resonance (EPR), see Eqs. 4.164 
and 4.165 (Sect. 4.2.6) 
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Table 1. List of Symbols and Abbreviations (continued) 


A#EPR,sol l T I 

Atf EPR , sw m 

AH EPR [T] 
AH EPR (yf) [T] 
A H a , A H b , AH c 

AH' a ,AH' b [T] 
A H h A H 2 [T] 

ah[, ah' 2 [T] 
AH fmr [7] 
AH nmr [T] 

AH nmr [T] 
AH q [T] 

AH [J mol 1 1 
A H n [J moL 1 ] 
h, k 


h = 2\i b Hq! k B T 


h = (, g[l B SH 0 )/(k B T) 

h[ T] 

K [T] 

Vc [T] 


h A = H A /H E 
h A = H a /H e 

/?E = z'j'/ Z J 
^E2 = \JlU\ 

hox = g^Hoxl2zS\J\ 
^0z = ?cHb^0z/2z5| J\ 

^int,x — ^itn.x 


EPR linewidth due to solitons, cf. Eq. 4.172 in Sect. 4.2.7 

EPR linewidth due to magnons, cf. Eq. 4.173 in Sect. 4.2.7 

noncritical part of the EPR linewidth, Eq. 4.165 (Sect. 4.2.6) 

angular dependence of the EPR linewidth, y/ = Z(H U . c-axis) 

constants in Eqs. 4.182, 4.184 and 4.185, theoretical forms for AH EPR (y/), 
cf. Sect. 4.2.8 

constants in Eq. 4.188, a theoretical form for AH EPR (y/), cf. Sect. 4.2.9 
constants in Eq. 4.166, a theoretical form for AH EPR (y/), cf. Sect. 4.2.6 
constants in Eq. 4.166a, a theoretical form for A H EPR (y/), cf. Sect. 4.2.6 
linewidth in ferromagnetic resonance (FMR) 

linewidth of the nuclear magnetic resonance (NMR), see Eq. 4.160 
(Sect. 4.2.5) 

noncritical part of the NMR linewidth, Eq. 4.160 (Sect. 4.2.5) 

linewidth of the spin wave with wavevector q , spin-wave relaxation time: 
(raAflq )- 1 

transition enthalpy at a structural phase transition 
transition enthalpy of the n - th structural phase transition 

factors in the additional Landau-type free energy A F for the coupling 
between elastic strain e 6 and the order parameters r) b r) 2 , O ’, of the structural 
phase transitions, cf. Eq. 2.36 in Sect. 2.2.4 

reduced magnetic field for the description of the response of a diluted system 
to an external field H 0 (Eq. 4.95, Sect. 4.1.11) 

alternative definition of the reduced field for random field systems, see Eq. 
4.117b (Sect. 4.1.12) 

oscillating magnetic field of the microwave or millimeter wave in magnetic 
resonance, see Eq. 3.41 (Sect. 3.1.6) 

amplitude of the oscillating magnetic field h, see Eq. 3.115 (Sect. 3.2.5) 

threshold amplitude of the microwave field in parallel pumping, see Eq. 
3.118 (Sect. 3.2.5) 

reduced out-op-plane anisotropy field 

reduced in-plane anisotropy field (orthorhombic symmetry) 

reduced interlayer exchange field 

reduced exchange field for intralayer coupling between next nearest 
neighbours, see Eq. 3.14 (Sect. 3.1.2) 

reduced external magnetic field H n \\x, isotropic systems g a = g 
reduced external magnetic field H 0 \\z, isotropic systems g c = g 
x-component of the reduced internal field 
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Table 1. List of Symbols and Abbreviations (continued) 


Vf 

reduced form of the random field in diluted antiferromagnets, see Eq. 4.115b 
(Sect. 4.1.12) 

K 

K,o 

(ho, k 0 ,1 0 ), (h, k, 1) 

reduced field defined in Eq. 3.74 (Sect. 3.2.1) 

reduced field h K for// 0 = 0, used in Eq. 4.38 (Sect. 4.1.7) 

indexing of the Bragg reflections with respect to the coordinate system 

(< 7 x 0 , 9 y o, 9zo) or ( q x , q y , q z ), resp. 

ft 

Planck’s constant, h = 6.62619 ■ 10" 34 Js 

h = h/2n 

Planck’s constant divided by 2n, ft = 1.05459 ■ 10" 34 Js 

ft CO 

ftco q = ft(0(q) 

fta>q = ftco + (q) 

energy transfer in a neutron scattering process, cf. Eq. 2.24 (Sect. 2.2.3) 

magnon (or phonon) energy at wavevector q 

magnon energy at q (+ -branch), cf. Eqs. 3.5, 3.6 (Sect. 3.1.2) 

ftcQ~ = ftco(q) 

ftco BB (n x , n 2 ) 

magnon energy at q (— branch), cf. Eqs. 3.5, 3.6 (Sect. 3.1.2) 

energy of the magnetic excitation of a pair Ni-ions ("B") surrounded by n t 
and n 2 Mn-ions ("A"), Eq. 3.145 (Sect. 3.3.4) 

7=(/ x ,/y, 4) 

nuclear spin, components with respect to the (x,y,z) coordinate system, 
see Eq. 3.125 (Sect. 3.3.1) 

i,m,m 

intensity, neutron scattering intensity (counting rate) of a Bragg reflection, 
e.g. as a function of wavevector q (Eq. 4.101) or quasi-elastic scattering 
intensity as function of/T(Eq. 4.104) (Sect. 4.1.11) 

4c 

light intensity, transmitted in ac-configuration by an optically active sample 
at T < T c under crossed polarizers, see [80K2] 

4 

initial gradient of 7’ c (x)/7’ c (l) for x— » 1, see Eqs. 3.128 and 3.129 in 
Sect. 3.3.2 

Jij [cm' 1 or K] 

exchange constant describing the interaction between the two spins at lattice 
sites i and j, the exchange constants are presented in this contribution for 
practical reasons not in J but in spectroscopic units cm" 1 or in temperature 
units K 

J, J 2 [cm" 1 or K] 

exchange constants describing the intralayer interaction between the spins of 
two nearest neighbours or of two next nearest neighbours, resp. 

J [cm" 1 orK] 

exchange constant describing the intralayer interaction between nearest 
neighbours in a canted ferromagnet, cf. Eq. 3.81 in Sect. 3.2.2 

4a, 4b, 4b 

[cm" 1 or K] 

4b [ cm ~' or K ] 

A 2 M x M!_ x X 4 : exchange parameters for pairs of M-M, M-M, and 

M-M ions (virtual crystal model, Eq. 3.142, Sect. 3.3.4) 

approximation of J AB as the geometric mean of J AA and J BB , see Eq. 3.147 
(Sect. 3.3.4) 

Jir nn) [cm" 1 or K] 

constant of the exchange between nearest neighbours connected by 
within the layers and in adjacent layers (cf. Sect. 4.1.8) 

J(q) [cm -1 or K] 

4aic t cm 1 or K ] 

spatial Fourier transform of J(r nn ), cf. Eq. 4.54 (Sect. 4.1.8) 

value of the exchange parameter J for nearest neighbours in the layers, 
calculated by means ofEq. 3.1 in Sect. 3.1.1 

4x P [cm" 1 or K] 

experimental value of the exchange parameter J (cf. Sect. 3.1.1) 
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Table 1. List of Symbols and Abbreviations (continued) 


J x , J y , J z [cm 1 or K] 

exchange constants for nearest neighbours intralayer interaction, as defined in 
Eq. 4.2 (Sect. 4.1.1) 

J A , Ja t cm * or K] 

constant of the out-of-plane and of the in-plane anisotropic intralayer 
exchange, resp. 

.]' [cm” 1 or K] 

exchange constant describing the interlayer interaction between neighbouring 
spins in adjacent layers 

J«, Ji [cm” 1 or K] 

exchange constants in strongly anisotropic antiferromagnets, cf. Eq. 3.62 
(Sect. 3.1.9), e.g. Co-compounds [90H, 90N] 

Jy c [cm 1 or K] 

exchange constant in the expression for the 2D lsing model virtual crystal 
magnetization (cf. Eq. 3.136 in Sect. 3.3.2) 

/ = J'/J 

reduced interlayer exchange parameter in Eq. 4.69 (Sect. 4.1.9) 

K(x) 

mean number of finite clusters in a diluted magnetic system, see Eq. 4.94 in 
Sect. 4.1.11 

K=\J\/(k B T) 

variable in high-temperature series expansions, see Eqs. 3.26 and 3.27 
(Sect. 3.1.3) 

K = 2S 2 \ J\/(k B T) 

K eS 

spin stiffness p s relative to the temperature T, cf. Eq. 4.48a (Sect. 4.1.8) 

effective relative spin stiffness, renormalized by the presence of vortex- 
antivortex pairs, see Eq. 4.48b (Sect. 4.1.8) 

K [nm 1 ] 

k 

wavevector transfer in a neutron scattering process, cf. Eq. 2.24 (Sect. 2.2.3) 

extinction coefficient 

k B 

K k { [nm 1 ] 

Boltzmann’s constant, k B = 1.380622 ■ 10 2! JK 1 

neutron scattering: wavevector of the incident neutron and of the scattered 
neutron, resp. 

k X Q-, ky(). k Z Q 

wavevector of a sound wave defining its direction of propagation, referring to 
the (x 0 ,y 0 ,z 0 ) coordinate system (Sect. 2.2.1) 

k k k 

/V X? v y’ Z 

wavevector of a sound wave defining its direction of propagation, with 
respect to the (x,y,z) coordinate system (Sect. 2.2.1) 

II 

<1 ^ 

Avogadro’s number, L = 6.0022 ■ 10 23 mol 1 

characteristic length (in lattice constants) of a 2D system with N spins, finite- 
size 2D XY-model (cf. Sect. 4.1.8) 

^eff ~ & a 

L 

[ 

effective length in the finite-size 2D XY-model (cf. Sect. 4.1.8) 

orbital angular momentum of a paramagnetic ion 

C-C bond length in hydrocarbon chains, / = 0.154 nm 

M[ T] 

M 0 [ T] 

magnetization; ferromagnet: spontaneous magnetization 

antiferromagnet: ideal sublattice magnetization (Neel state, cf. Eq. 3.18 in 
Sect. 3.1.3); ferromagnet: magnetization for T— > 0 (Eq. 3.75a in Sect. 3.2.1) 
and demagnetization field (Eq. 3.92 in Sect. 3.2.3) 

Mo=(g c /ga)M 0 [T] 

modified demagnetization field for H {) || c, taking into account the anisotropy 
of the g-factor, see Eqs. 3.109 (Sect. 3.2.3) 

Ml [T] 

modified demagnetization field, taking into account the anisotropy of the 
g-factor if the magnetization forms an angle 9 with the c-axis, see Eq. 3.108 
(Sect. 3.2.3) 
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Table 1 . List of Symbols and Abbreviations (continued) 


Msubl IT] 

M S [T] 

MqAT) 

sublattice magnetization (antiferromagnet) 

sublattice magnetization for T — > 0 

local magnetization of the central ion surrounded by n magnetic neighbours, 
see Eq. 3.136 (Sect. 3.3.2) 

M VC (T) [T] 

M = (M x , M y , M z ) 

J ^a — (''^a.xi ^a,y '^a.z) 
■^b = (Ml.x- M),y> Mj.z) 

■Wa.O- ^b.O 

2D Ising model virtual crystal magnetization (Eq. 3.136 in Sect. 3.3.2) 
magnetization, e.g. of a ferromagnet (x-,y-, z-components) 
magnetization of sublattice a, e.g. of an antiferromagnet 
magnetization of sublattice b, e.g. of an antiferromagnet 

static part of the magnetization of sublattices a and b, see Eq. 3.44 
(Sect. 3.1.6) 

M a , M b , M c , M d 

the four sublattice magnetizations in the virtual crystal or average model, 
see Eq. 3.151 (Sect. 3.3.6) 

M\\ (H 0z , T) [T] 

magnetization parallel to the easy axis, induced by H 0z , as a function of 
temperature T, cf. Eq. 3.21 (Sect. 3.1.3) 

(M) 

average magnetization per spin derived as a dimensionless quantity in 
[76M3], cf. Eq. 4.156 (Sect. 4.2.3) 

(M 2 ) 

average of the square of the magnetization derived as a dimensionless 
quantity in [78M3], cf. Eq. 4.62 (Sect. 4.1.8) 

m [T] 

oscillating of precessing part of the magnetization, response of the system to 
the oscillatory field h, cf. Eq. 3.45 (Sect. 3.1.6) 

m a , »i b [T] 

oscillating or precessing part of the magnetizations of sublattices a and b, 
resp., see Eqs. 3.42 and 3.44 (Sect. 3.1.6) 

(1) (1) (2) (2) 

, « b ’ W a > ,w b 

components of the oscillating or precessing parts of the magnetizations of 
sublattices a and b, resp., see Eq. 3.44 (Sect. 3.1.6) 

N 

total number of spins; in antiferromagnets: in both sublattices (/V/2 spins per 
sublattice) 

N eff = ^/a) 2 

N/V[ m” 3 ] 

N 

effective number of spins (cf. Sect. 4.1.8) 

total number of spins per unit volume 
demagnetization tensor, cf. Eq. 3.98 (Sect. 3.2.3) 

A x , A y , A z 

demagnetization coefficients with respect to the (x,y, z) coordinate system, 
see Eq. 3.92 (Sect. 3.2.3) 

A a , A b , A c 

demagnetization coefficients with respect to the crystal axes 

n 

refractive index 

n 

spin dimension (cf. Sect. 4.1.1) 

A/? 

difference of the refractive indices, e.g. n h (7>-axis) minus « a (o-axis), as 
determined by birefringence 

A«(T C n) 

1 st order jump of An at a slightly discontinuous phase transition with critical 
temperature T Cn (Eq. 4.84a in Sect. 4.1.10) 

A«aa, A/? ac 

difference of refractive indices observed by LMB in aa- or ac-configuration, 
resp., for definition see [80K2] 

s 

s 

+ 

s 

1 

thermal average magnon state occupation number in general, and for 
+ -branch and--branch, resp., cf. Eq. 3.15 (Sect. 3.1.2) 
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Table 1 . List of Symbols and Abbreviations (continued) 


« S (X) 

number of clusters with size s in a diluted system with concentration x, 
see Eqs. 4.96 and 4.97 (Sect. 4.1.11) 

H\, H 2 , H 3 , /I 4 

occupation probabilities for the four possible orientations of the (CH 3 NH 3 ) + - 
group of compounds like (CH 3 NH 3 ) 2 MCl 4 in the high temperature structure 
I4/mmm 

o° 2 , ol ot 

standard notation of operator equivalents for calculating the energy levels of 
magnetic ions in the crystalline electric field, see Eq. 3.33 (Sect. 3.1.5) and 
[64H] 

P [cm ' 1 or K] 

parameter of the 2 nd order in-plane single-ion anisotropy of orthorhombic 
symmetry, see Eqs. 3.85 and 3.86 (Sect. 3.2.2) 

P [cm ' 1 or K] 

anisotropy parameter in Hamiltonian :H'( 1) for a canted ferromagnet, 
cf. Eq. 3.81 (Sect. 3.2.2) 

P(x) 

percolation probability in diluted magnetic systems, see Eq. 4.93 
in Sect. 4.1.11 

Pc [W] 

Pd w] 

P\\(K 2 , ft)) [arb. units] 

threshold microwave power in parallel pumping 
incident microwave power (in parallel pumping) 

frequency distribution (inelastic neutron scattering data) as a function of 
frequency ft) for average K essentially parallel to the layers 

Pj_(K 2 , ft)) [arb. units] 

frequency distribution (inelastic neutron scattering data) as a function of 
frequency ft) for average K essentially perpendicular to the layers 

p Abma 
r sTl 

example of the denotation of a superspace group for an incommensurate 
structure according to de Wolff Janssen and Janner [81 Wl] 

P [Pa] 

Pc [ pa ] 

pressure 

critical pressure, i.e. the pressure at the transition to a pressure induced phase 

P 

p + ,p~ 

EPR linewidth exponent, see Eqs. 4.164 and 4.165 in Sect. 4.2.6 

imbalance of the two sublattice magnetizations induced by a magn. field 
parallel to the easy axis, cf. Eq. 3.15 (Sect. 3.1.2) 

P 

diammonium compounds [NH 3 (CH 2 ) 1 V NH 3 ]MC1 4 : probability for twisted 
[NH 3 (CH 2 ) n NH 3 ]-chains or the average portions of chains in this state, (1 —p) 
the corresponding probability for all-trans chains (cf. Sect. 2.2.6) 

P 

parameter describing the deviation of x(T,f) from %(T, 0) due to the inter¬ 
layer exchange coupling/, see Eq. 4.70 (Sect. 4.1.9) 

Pm, P„ 

order parameters in structural phase transitions as defined in context with 
Eq. 2.35 (Sect. 2.2.4) and in [79K5] 

Q 

Q, Q 0 [nm '| 

vorticity of a vortex, defined in Eq. 4.40 (Sect. 4.1.8) 

general vector of the reciprocal lattice and a special one, e.g. an ordinary 
Bragg reflection or an antiferromagnetic superreflection 

q 

critical exponent in the scaling relation for xlc (<w, T) see Eq. 4.128 
(Sect. 4.1.13) 

q [nm -1 ] 
do [nm -1 ] 

wavevector of a collective excitation, usually in the first Brillouin zone 

modulation wavevector and its absolute value in modulated or incommen¬ 
surate structures 
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Table 1. List of Symbols and Abbreviations (continued) 


(<7x0> <7 y o> <7zo) 


idx, dy, dz) 


R 

R 

Ro’ A 

n(m) n(n) n 
A A ’ A M ’ 

Rs 

R s , R(\) 
RySh RyO’ R Z 0 
Ry, Rz 


R', R" 

r 

r\>r 2 


'op 


r n = (x m y m z n ) 

r aa 

S 

SaAb 


5(x) 


5 X , 5 y , 5 Z 

Sfy S^, 


^ = (S ijX , Si, y , S,, z ) 


components of the wavevector q. corresponding to the coordinate system 
(x 0 ,y 0 ,z 0 ) for the 14/mmm structure (cf. Fig. 2.1) 

components of the wavevector q, corresponding to the rotated coordinate 
system ( x,y,z ) for F4/mmm (cf. Fig. 2.1 in Sect. 2.1.2) and for low 
temperature structures 

reflectivity 

universal gas constant, R = 8.31441 J mol 1 K 1 

/’-independent and /’-dependent renormalization terms in renormalized spin- 
wave theory, cf. Eq. 3.15 (Sect. 3.1.2) 

ionic radii of the A- and M-ions with coordination numbers m and n, resp., 
and of the X-ions in A 2 MX 4 compounds, cf. Eqs. 2.15 and 2.16 (Sect. 2.1.5) 

universal relation between critical amplitudes in the 2D Ising model, see 
Eq. 4.15 (Sect. 4.1.2) 

radius of a cluster in a diluted magnetic system and associated scaling 
function, see Eq. 4.99a (Sect. 4.1.11) 

direction of polarization of a sound wave, with respect to the (x 0 ,y 0 , z 0 ) 
coordinate system of 14/mmm (cf. Sect. 2.2.1) 

direction of polarization of a sound wave, with respect to the ( x,y,z) 
coordinate system of F4/mmm (cf. Sect. 2.2.1) 

long-chain compounds (C n H 2n +iNH 3 ) 2 MCl 4 with n>5: partial hydrocarbon 
groups of the long hydrocarbon chain 

amplitude reflection coefficient 

characteristic length defined in Eqs. 4.154, 4.155 (Sect. 4.2.3) for the 2D 
Fleisenberg model 

location of lattice sites i and j with spins 5) and Ss, resp. 
vector connecting two lattice sites i and j 

in-plane MX bond length, i.e. parallel or nearly parallel to the layers 

out-of-plane MX bond length, i.e. perpendicular or nearly perpendicular to 
the layers 

location of lattice site no. n, cf. Eq. 3.12 (Sect. 3.1.2) 

vector connecting two nearest neighbours 

value of the electronic spin of a paramagnetic ion 

A 2 M x M!_ x X 4 : spin values of paramagnetic M 2+ - and M 2+ -ions, resp., 
(virtual crystal model, Eq. 3.142, Sect. 3.3.4) 

mean size of finite clusters below the percolation threshold in diluted 
magnetic systems, see Eq. 4.92 (Sect. 4.1.11) 

spin components with respect to the ( x, y, z) coordinate system 

spin components with respect to the (|, Q coordinate system 

spin of paramagnetic ion at lattice site i, with x-, y- and z-components 
(operators) 
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Table 1 . List of Symbols and Abbreviations (continued) 


Vl.i- V).j- ‘Vl.j 

A 2 M x M!_ x X 4 : M 2+ - and M 2+ -spins on sites i and j in sublattices 1 and 2 
(virtual crystal model, Eq. 3.142, Sect. 3.3.4) 

s-,sr 

raising and lowering operators for the spin at lattice site i, 

S+=S i>x + iS;, y , S; =s u — i S i>y 

(5 z )o 

(K, co) 

mean or expectation value of ,V Z in the ground state, see Eq. 3.61 (Sect. 3.1.9) 

neutron scattering function (diffuse scattering, spin components S a and Sq 
(a, [3 =x,y,z), momentum transfer TiK and energy transfer hco, cf. Eq. 4.23 
(Sect. 4.1.5) 

S (q) 

S(co) 

S\K), S\K) 

structure factor, definition see [90B3] 

neutron scattering function as defined in Eq. 4.151 (Sect. 4.2.2) 

total neutron scattering functions as defined in Eq. 4.103 (Sect. 4.1.11) where 
"||" corresponds to "zz" and "A" to "xx" or "yy" 

S(q , CO) 

neutron scattering function for an inelastic scattering process, see Eqs. 4.157— 
4.159 (Sect. 4.2.3) 

A 0 S 

.Sinn [Pa- 1 ] 

zero point spin deviation, see Eq. 3.19 (Sect. 3.1.3) 

elastic compliances (m, n=l, 2, ..., 6) in the Voigt notation, e.g. S 12 : 
12 =x 0 x 0 y 0 yo, S 66 : 66 =x 0 y 0 x 0 y 0 (cf. [55L]) with x 0 , y 0 referring to the 
(x 0 ,y 0 ,z 0 ) coordinate system of the parent phase 14/mmm throughout this 
contribution, see Eqs. 4.78 and 4.79 in Sect. 4.1.10 

si6 [Pa- 1 ] 

elastic compliance S 66 without coupling to the structural phase transitions, 
see Eq. 4.78 in Sect. 4.1.10 

[Pa- 1 ] 

critical amplitude of the anomalous part of the elastic compliance .S 66 , 
see Eq. 4.86 in Sect. 4.1.10 

AS 66 = S 66 - S° 66 [Pa- 1 ] 

anomalous part of the elastic compliance S 66 at the structural phase transition, 
cf. Eq. 4.86 in Sect. 4.1.10 

5 [J mol 1 K 1 or 

JnT 3 K '] 

S ex [J mol -1 K- 1 ] 

entropy as defined in thermodynamics, per mole (cf. Eq. 2.18 in Sect. 2.2.1 
and Eq. 2.41 in Sect. 2.2.5) or per unit volume (cf. Eq. 2.30 in Sect. 2.2.4) 

excess entropy due to the disorder of twisted and all-trans chains in 
diammonium compounds, see Eq. 2.43 (Sect. 2.2.6) 

AS [J mol 1 KT 1 ] 

AS n [J mol 1 K- 1 ] 

AS tot [J mol 1 K _1 ] 

transition entropy at a structural phase transition 

change of entropy in the n - th structural phase transition 

total change of entropy due to structural phase transitions as defined in 
Eq. 2.39 (Sect. 2.2.4) 

S 

long-chain compounds (C n H 2n+ iNH 3 ) 2 MCl 4 with n>5: nematic order 
parameter (liquid crystals), describes the nematic order averaged over the 
segments of the chain and over all chains in such a compound 

s 

size of a cluster in diluted magnetic systems, i.e. the number of occupied sites 
in a cluster (cf. Sect. 4.1.11) 

S\, S 2 , s 3 

T[ K] 

T c [ K] 

special set of basic lattice vectors, see Eq. 2.20 (Sect. 2.2.1) 

temperature 

critical temperature = phase transition temperature (in context with a 
structural phase transition) 
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Table 1 . List of Symbols and Abbreviations (continued) 


Ten [K] 

Tel K] 

r c (x), r N (x) [K] 

critical temperature at the n - th of more than one structural phase transition 
Curie temperature (in context with a ferromagnet) 

in diluted magnets: critical temperature, i.e. Curie temperature T c 
(ferromagnet) or Neel temperature T N (antiferromagnet) as a function of 
concentration x, cf. Eq. 3.128 (Sect. 3.3.2) 

T c m [K] 

transition temperature in a random field system, defined in Eq. 4.121 
(Sect. 4.1.12) 

T’c.r. [K] 

temperature at the critical point in the ( H 0 , T) phase diagram of an 
antiferromagnet (see Fig. 3.18 in Sect. 3.1.6) 

Tm{H 0 ) [K] 

metastability boundary in a random field system, defined in Eq. 4.120 
(Sect. 4.1.12) 

T’n [K | 

7’ N MF =7’ N -b// 0 2 [K] 

Neel temperature (in context with an antiferromagnet) 

mean field Neel temperature of a diluted antiferromagnet in a magnetic field, 
seeEqs. 4.114 and 4.115a (Sect. 4.1.12) 

r KT [K] 

r* [K] 

Kosterlitz-Thouless temperature in the 2D XY-model 

temperature between T K[ and T c at which q(T) and X eff (T) assume their 
universal values in the finite-size 2D XY-model 

T =k B T/(2S 2 \J\) 
Tkt,T*,T c 

temperature, relative to the spin-wave stiffness (cf. Sect. 4.1.8) 

characteristic temperatures of the finite-size 2D XY-model, relative to the 
spin-wave stiffness (cf. Sect. 4.1.8) 

T™ [K] 

Stanley-Kaplan temperature (Eq. 3.29, Sect. 3.1.3) for two-dimensional 
magn. systems, sometimes used as an estimate for T c or T N 

T, [K | 
r f [K] 

T’p [K] 

crossover temperature 

freezing temperature of a spin glass (cf. Sect. 4.1.12) 

temperature at which the deviation of X(T v ,j') from /(T v , 0) has the value p, 
see Eq. 4.70 (Sect. 4.1.9) 

T T T 

1 max? 1 1|,max? 1 _L,max 

temperature T> T N at which the maximum occurs of the magnetic 
susceptibility %, of X\\ and of x±, resp. 

T’l [s] 

T n , T ng , T nu 

spin-lattice relaxation time in nuclear magnetic resonance 

symmetry species (irreducible representations) of a point group in the 
Mulliken or chemical notation (n= 1, 2, 3, etc.), the additional subscripts g 
and u apply to point groups with inversion symmetry and mean even and odd 
with respect to this point group operation, for details see [64T] and [78B3] 

t[s] 

t = (T-T c )/T c 

time 

reduced temperature, ferromagnet: T c = Curie temperature, and structural 
phase transitions: T c = critical temperature 

tn = (T~ T Cn )/T Cn 

reduced temperature (n= 1, 2, 3, ...) at the n-th transition for a system with 
more than one structural phase transition: 7’ Cn = n-th critical temperature, 
cf. Eq. 4.80 in Sect. 4.1.10 

/=(r-r N )/r N 

reduced temperature, antiferromagnet: T N = Neel temperature 
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Table 1 . List of Symbols and Abbreviations (continued) 


ICH 

reduced temperature t at which a change-over occurs in the slope of the 
log-log plot of A H epr for diluted or mixed antiferromagnets, see Eqs. 4.190a 
and 4.190b (Sect. 4.2.9) 

t =(T- T kt )/T kt 

reduced temperature with respect to the Kosterlitz-Thouless transition 
temperature T kt (cf. Sect. 4.1.8) 

t c m 

reduced part of the transition temperature in a random field system, 
see Eqs. 4.116 and 4.121 (Sect. 4.1.12) 

turn 

reduced part of the metastability boundary in a random field system, 
seeEq. 4.120 (Sect. 4.1.12) 

hi hi h 

U [J mol 1 or JnT 3 ] 

special set ofbasic lattice vectors, see Eq. 2.19 (Sect. 2.2.1) 
internal energy as defined in thermodynamics, per mole (e.g. specific heat 
C=dU/dT) or per unit volume (e.g. elastic contribution 1 'AC$ 6 el, cf. Eq. 
2.36 in Sect.2.2.4) 

^'inagn [J mol ] 

molar energy due to magnetic ordering (2D Ising model), see Eq. 4.4 
(Sect. 4.1.2) 

Uq, U c [J moL 1 ] 

C/magn for T= 0 and for T=T C (cf. Sect. 4.1.2) 

u 

energy density, see Eq. 3.41 (Sect. 3.1.6) 

Mq, Uq 

wavevector dependent factors in the Bogoliubov transform Eq. 3.4b 
(Sect. 3.1.2) with u^-v 3 =1 

Va, V m 

vacancy at A + - or Vl 2 '-sitcs in A 2 MX 4 perovskite-type layer structure, 
see discussion in Sect. 3.3.1 

Vo 

^xx Vyy 

^moi [m 3 mol '] 
v s [km s~ ] ] 

K(x) 

vacancy at 0 2 "-site in SrTi0 3 (Sect. 3.3.1) 
asymmetry of the electric field gradient (EFG), cf. [78T2, 80T3] 
volume of 1 mole of the compound under consideration 
velocity of a sound wave (cf. Sect. 2.2.1) 

statistical weight or probability that a paramagnetic M 2+ -ion is surrounded in 
a dilution A 2 M x M 1 _ x X 4 by n M 2+ -k>ns and by (4-n) diamagnetic M 2+ - 
ions (Eq. 3.137 in Sect. 3.3.2) 

W p [cm- 1 ] 

AW/At [W] 

peak width of the two-magnon Raman line (cf. Figs. 3.4 and 3.5) 

net absorption of microwave energy per second in parallel pumping, 
see Eq. 3.116 (Sect. 3.2.5) 

w 

NMR linewidth exponent, see Eq. 4.160 (Sect. 4.2.5) 

X 

universal relation between critical amplitudes in the 2D Ising model, 
seeEq. 4.14 (Sect. 4.1.2) 

X, X, z 

special high symmetry points at the boundary of the Brillouin zone of the 
structure I4/mmm [69Z] 

X n , xt Z n , z* 

symmetry species (irreducible representations) of a space group in the Bethe 
notation (n = 1, 2, 3, etc.) at special points X, Z of the Brillouin zone, the 
superscripts + and - apply to space groups with inversion symmetry and 
mean even and odd with respect to this operation, see [63K1] and [78B3] 

X 

concentration in mixed crystals (Sects. 2.1.1 and 2.1.5) 
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Table 1. List of Symbols and Abbreviations (continued) 


x p (l,2) 


(x 0 ,y 0 , z 0 ) 

(x,y,z) 

z(xx)y, z(yx)y 

or 

z o( x o x o)yo’ z oO ; o x o)yo 

Z 

z 
z' 

Z 2 
z x 

a, p, y[deg] 
a 

a 


a 

Oq, a + 


a + , a 

a 2D 

a p 


OCj 

5, (3, y, v, rj 


<, a q 

^(iV 


^sound 

a, (3, y, 8, 8, C, il 


P 


critical percolation concentration for a system with only nearest neighbour 
interaction, cf. Eq. 3.127 (Sect. 3.3.2) 

critical percolation concentration for a system with first and second 
neighbour interaction, cf. Eq. 3.127 (Sect. 3.3.2) 

coordinate system for the tetragonal 14/mmm structure 

coordinate system for F4/mmm, Acam, Bbcm etc., rotated by 45° about the 
z-axis with respect to the system ( x 0 ,y 0 , z 0 ) 

Raman scattering configuration in the Porto notation, e.g. incident wave with 
q\\z and polarization |jc or ||j and the scattered wave with q\\y and 
polarization || jc, where the coordinate directions refer to the ( x,y,z ) or to the 
( x 0 ,y 0 ,z 0 ) system, resp. 

dynamical critical exponent, cf. Eq. 4.133 (Sect. 4.2.1) 

number of nearest neighbours in the layer, z = 4 in the square lattice 

number of nearest neighbours in adjacent layers 

number of next nearest neighbours in the layer, z 2 = 4 in the square lattice 
parameter of the atomic position (0, 0, z x c) of the X-ion 
angles between crystallographic axes 

exponent determining the dependence of the exchange parameter J on the 
nearest neighbour distance a nn , see Eq. 3.1 in Sect. 3.1.1 

parameter determining the width of a relaxation time distribution (Eq. 4.144 
in Sect. 4.2.2) 

sound attenuation, cf. Eq. 4.137 (Sect. 4.2.2) 

/’-independent part and critical amplitude of the sound attenuation a 
(Eq. 4.137 in Sect. 4.2.2) 

specific heat critical exponent, + for T> T c , - for T< T c 

specific heat critical exponent for T> T c in the 2D regime, cf. Eqs. 4.76 and 
4.77 (Sect. 4.1.9) 

percolation critical exponent, defined in Eqs. 4.94 and 4.96a, theoretical 
value in Eq. 4.102 (Sect. 4.1.11) 

thermal critical exponent like a for x = x p and T —> 0 near the percolation 
multicritical point (cf. Sect. 4.1.11) 

critical exponents a, (3, y, v, r) for a (3D) random field system, cf. 
Sect. 4.1.12 

wavevector dependent magnon creation and annihilation operators 
(+-branch), cf. Eqs. 3.4b-3.6 (Sect. 3.1.2) 

pv-component, (p, v =x,y, z) of the Raman tensor, where the coordinates 
refer to the ( x,y,z ) coordinate system, and analogous for the system 
(x 0 , y 0 , z 0 ) with additional subscript 0 

absorption (attenuation) coeffient of a sound wave 

denotation for structural phases in compounds with a relatively large number 
of phase transitions 

order parameter critical exponent: T<T C 


Landolt-Bornstein 
New Series III/27J3 




28 


9.12.1 Introduction 


[Ref. p. 40 


Table 1 . List of Symbols and Abbreviations (continued) 


Pr 

percolation critical exponent of P(x), defined in Eqs. 4.93 and 4.96b, 
theoretical value in Eq. 4.102 (Sect. 4.1.11) 

Pt 

thermal critical exponent like P for x = x p and T —> 0 near the percolation 
multicritical point (cf. Sect. 4.1.11) 

P [deg] 

p;, p q 

azimuthal angle between external field H 0 and the a-axis (x-axis) 

wavevector dependent magnon creation and annihilation operators 
(--branch), cf. Eqs. 3.4b-3.6 (Sect. 3.1.2) 

r 

center of the Brillouin zone [q = (0, 0, 0)] 

r 

critical exponent in the scaling relation for the nonlinear susceptibility Xn\ 
(cf.Eq. 4.127 in Sect. 4.1.12) 

r= r 1 [s- 1 ] 

relaxation rate, characteristic frequency or frequency width, cf. Eq. 4.136 
(Sect. 4.2.2) 

p\ (K), r (q, ft)) 

relaxation rate or characteristic frequency of the longitudinal critical spin 
fluctuations, see Eq. 4.132 (Sect. 4.2.1) 

r q = m 

special damping (relaxation) for the magnons at T> T c in the 2D Heisenberg 
model (Eqs. 4.159 and 4.159a in Sect. 4.2.3) 

r n , K, r„ 

symmetry species (irreducible representations) of a point group or of a space 
group at T in the Bethe notation (n = 1, 2, 3, etc.), the superscripts + and 
- apply to groups with inversion symmetry and mean even and odd with 
respect to this operation, for details, see [63K1] and [78B3] 

7a = SalVfc 

7c = gclVfc 

Y(q) = 7q 

gyromagnetic ratio, in general or with isotropic g-factor 

gyromagnetic ratio for H a || a, mostly more general for H 0 _L c 
gyromagnetic ratio for Jf/ 0 II c 

wavevector dependent term in magnon dispersion relations for nearest 
neighbours intralayer exchange interaction, cf. Eqs. 3.6 (Sect. 3.1.2) and 
3.71a (Sect. 3.2.1) 

y\<D = y\ 

^-dependent term in magnon dispersion relations for nearest neighbours 
interlayer exchange interaction, cf. Eq. 3.71a (Sect. 3.2.1) 

7q2 

^-dependent term for next nearest neighbours intralayer exchange interaction, 
cf. Eq. 3.14 (Sect. 3.1.2) 

7 1 ’ 2 7 3 ’ 4 
i q 5 i q 

^-dependent term for nearest neighbour intralayer exchange interaction in 
double-layer compounds, cf. Eq. 3.31 (Sect. 3.1.4) 

y + , y“ 

susceptibility critical exponent, - tor T> T c , - for T< T c 

Y>D 

susceptibility critical exponent for T> T c in the 2D regime, cf. Eqs. 4.71 and 
4.72 (Sect. 4.1.9) 

7p 

percolation critical exponent of A(x), defined in Eqs. 4.92 and 4.96c, 
theoretical value in Eq. 4.102 (Sect. 4.1.11) 

Yt 

thermal critical exponent like y for x = x p and T —> 0 near the percolation 
multicritical point (cf. Sect. 4.1.11) 

A = (3 + y 

A P = P p + Y P = Pp§p 

critical exponent in scaling relations Eqs. 4.12a and 4.12b (Sect. 4.1.2) 

percolation critical exponent in scaling relations analogous to Eqs. 4.12a and 
4.12b, see also Eq. 4.98 (Sect. 4.1.11) 
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Table 1 . List of Symbols and Abbreviations (continued) 


5 

critical exponent of M(H) on the critical isotherm 

5(7) 

/’-dependent critical exponent of in the theory of the 2D XY-model 

for T< T c , see Eq. 4.46 (Sect. 4.1.8) 

§r 

percolation critical exponent of /t c (/?) for x = x p , defined in Eqs. 4.95 and 
4.96d, theoretical value in Eq. 4.102 (Sect. 4.1.11) 

S T 

thermal critical exponent like 8 for x = x p and T —> 0 near the percolation 
multicritical point (cf. Sect. 4.1.11) 

± 8 [deg] 

canting angle of the two sublattices a and b (M a and M b ) with respect to the 
a-axis, e.g. in Rb 2 CrCl 4 (cf. Fig. 3.34 in Sect. 3.2.2) 

4, 4 [deg] 

4, 4, 4, 4 [deg] 

azimuthal angle between sublattice magnetization M a or M b and the a-axis (x-axis) 

azimuthal angles between the four sublattice magnetizations M a , M b , M c , M A 
and the a-axis in the virtual crystal model, see Eq. 3.149 (Sect. 3.3.5) 

4ivp 4tc> 4c [deg] 

angles between the equilibrium spin orientations of pairs of M-M, M-C 
and C-C ions in a mixed magnetic systems with non-collinear ordering, 
see Eq. 3.153 (Sect. 3.3.6) 

S(r) 

8 , = 8 (fj) 

8, K 

direction of a spin at point r, i.e. its angle of orientation with the a-axis 

orientation angle 8 of the spin at r, 

factors for the terms with space derivatives in the Landau-type free energy, 
cf. Eq. 2.37 (Sect. 2.2.4) 

8, o 

irrational factors describing the modulation in an incommensurate structure, 
e.g. q 0 = 8 • a* + a b* 

e = e' + ie" 

dielectric constant, real and imaginary part 

e 

tensor of the dielectric constant with components £ xx £yy and £ zz , assuming 
orthorhombic lattice symmetry 

C U Cx, Cz 

C 1 .C 2 

reduced wavevector (£ x0 = q x0 /a *, £ x = qja*, C, z = q z /c* ) 

values of £ x0 indicating the crossover 3D XY 2D XY and 2D XY ■o 2D 

Heisenberg, cf. Sect. 3.2.1 

11 

critical exponent: pair correlation function G(r) ~ \ r \ -(d-2+r 9 

Tip, Til 

percolation and thermal critical exponent r|, resp., see Eq. 4.89, theoretical 
value ofr) p in Eq. 4.102 (Sect. 4.1.11) 

T|(T) 

/’-dependent critical exponent of (J(r) in the theory of the 2D XY-model for 
T< T c , see Eq. 4.47 (Sect. 4.1.8) 

T| 

order parameter for the orientation of [NH 3 (CH 2 ) n NH,] 2+ -ions in 
diammonium compounds, for the definition see [81K3] 

Tlb1l2,Tl3 

order parameters in the structural phase transitions of monoammonium 
compounds (cf. Sect. 2.2.4) 

Tlo 

constant part of order parameter in a modulated or incommensurate structure, 
cf. Eq. 2.38 (Sect. 2.2.4) 

0 

reduced temperature, defined in Eq. 3.74 (Sect. 3.2.1) 

0 

parameter for dimensional reduction in random field systems, see Eq. 4.113 
in Sect. 4.1.12 
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Table 1. List of Symbols and Abbreviations (continued) 


0 C [K] 

0 

0 

0 a , 0b [deg] 

0a, 0b, 0c 0d [deg] 

0(0 a = 0b) [deg] 

/f[nm '] 

Kq [nm '] 

K 1 t nm '] 

k( Ax, jJL) 
k g [nm" 1 ] 


^lD 

^lD, ^lD 

k|d» Kid 
Kl 
K z 
A 

A [s' 1 ] 

A [cm -1 or K] 
X = (J-J A )/J 
Ac 

A 


Curie-Weiss temperature in the Curie-Weiss law, cf. Eq. 3.25 (Sect. 3.1.3) 
time reversal operator 

stiffness exponent in the droplet model for spin glasses (see Sect. 4.2.2) 

polar angle between sublattice magnetization M a and M b and the c-axis 

polar angles between the four sublattice magnetizations M a , M b , M c , M d and 
the c-axis in the virtual crystal model, see Eq. 3.149 (Sect. 3.3.5) 

joint inclination of the two sublattices a and b (M a and M b ) by an angle 0 
with respect to the c-axis 

long-chain compounds (C n H 2n -. |NH,) 2 MCI 4 w jth n>5: smectic order 
parameter (liquid crystals), measures the average tilt angle of the chains with 
respect to the layer normal 

exponent of (k B T/J) in Eq. 3.135 (Sect. 3.3.2) 

inverse correlation length 

inverse correlation length critical amplitude, + for T>T C , - for T<T C 
(cf. Sect. 4.1.1) 

uncritical /’-independent inverse correlation length in %±(q, t ) for T< T s , 
cf.Eq. 4.35 (Sect. 4.1.5) 

inverse correlation length in a diluted magnetic system as a function of 
Ax = x p - x and of ^(T), cf. Eq. 4.106 (Sect. 4.1.11) 

inverse geometrical correlation length in diluted magnetic systems, 
cf.Eqs. 4.90 and 4.91 (Sect. 4.1.11) 

critical amplitude of the geometrical inverse correlation length, see Eq. 4.107 
(Sect. 4.1.11) 

inverse correlation length for a ID model system, Eq. 4.108 (Sect. 4.1.11) 

K iD for the ID Ising model and for the ID Heisenberg model (Fig. 4.32, 
Sect. 4.1.11) 

ID anisotropic Heisenberg model: ;c 1D for a direction parallel or perpen¬ 
dicular to the anisotropy axis (Fig. 4.32, Sect. 4.1.11) 

T-independent part of K of the easy-axis antiferromagnet Rb 2 Co 0 88 Cu 0 12 F 4 
with competing exchange interactions, see Eq. 4.129 (Sect. 4.1.13) 

/’-independent part of K of an easy-plane ferromagnet in the 3D XY-regime, 
cf.Eq. 4.56 (Sect. 4.1.8) 

critical exponent of the relaxation time r in ac measurements, see Eq. 4.142 
(Sect. 4.2.2) 

damping constant in the Bloch-Bloembergen equation, see Eq. 3.42 
(Sect. 3.1.6) 

constant of the spin-orbit coupling 

parameter of the anisotropic exchange in Eq. 4.59 (Sect. 4.1.8) 

value of the parameter A at the stability limit for purely in-plane vortices 
(cf. Sect. 4.1.8) 

parameter in the denominator of % T¥ (q, t), see Eq. 4.31 (Sect. 4.1.5) 
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Table 1. List of Symbols and Abbreviations (continued) 

Ho 

induction constant, |i 0 = 4 n ■ 10 7 V s A 1 m -1 

Hb 

Bohr magneton, |i B = 1.16541 • 10 29 V s m 

Hn 

nuclear magneton, |i N = 6.34719 • 10' 33 V s m 

Id Cr [V s m] 

magnetic moment of the Cr 2+ -ion 

H(x, h) 

magnetic moment per site in external field H 0 as a function of concentration x 
and reduced field h = 2[i B H 0 /k B T, see Eq. 4.95 in Sect. 4.1.11 

McW 

magnetic moment ^(x, h) for x = x p (Eq. 4.95, Sect. 4.1.11) 

V + , V 

correlation length critical exponent, + for T> T c , - for T< T c 

V P 

percolation critical exponent of <^ G (x), defined in Eqs. 4.91, theoretical value 
in Eq. 4.102 (Sect. 4.1.11) 

V-p 

thermal critical exponent like V for x = x n and T —> 0 near the percolation 
multicritical point (cf. Sect. 4.1.11) 

v [Hz] 

frequency 

v [cm '] 

wavenumber, the unit most frequently used in spectroscopy, instead of 
frequency V = cV or of excitation energy hv= hcv 

Lvfmr [GHz] 

frequency of the antiferromagnetic resonance (AFMR), preferably for // 0 0 
(antiferromagnetic spin wave gap, corresponds to the magnon energy 
for q = 0) 

V AFMR [GHz] 

AFMR frequency for H 0 J=0 (+-branch and --branch), see Eq. 3.9 
(Sect. 3.1.2) 

^AFMR, out-of-pl. 

out-of-plane AFMR mode, cf. Eq. 3.37 (Sect. 3.1.5) 

^AFMR, in-plane 

in-plane AFMR mode, cf. Eq. 3.37 (Sect. 3.1.5) 

Var [GHz] 

antiresonance frequency, see Eq. 3.114 (Sect. 3.2.4) 

^BZB [GHz] 

double-layer compounds: magnon frequency (quadmply degenerate) at the 
Brillouin zone boundary (Eq. 3.32b in Sect. 3.1.4) 

V FMR [GHz] 

frequency of the ferromagnetic resonance (FMR) 

^gap [GHz] 

ferromagnetic spin-wave gap at q = 0, its square proportional to the product of 
in-plane and out-of-plane anisotropy field, see Eqs. 3.89 (Sect. 3.2.2) and 
3.107 (Sect. 3.2.3) 

Vmax [GHZ] 

maximum magnon frequency for q at the Brillouin zone boundary, 
see Eqs. 3.7 (Sect. 3.1.2) and 3.90 (Sect. 3.2.2) 

Av [cm -1 ] 

Raman shift, i.e. the wave number difference between the scattered light and 
the exciting laser light 

? [nm] 

correlation length 

& [ nm ] 

geometrical correlation length in diluted magnetic systems, see Eq. 4.91 in 
Sect. 4.1.11 

5 

factor in the Landau-type free energy U for the term coupling the elastic 
stress cr 6 and the order parameters q h q 2 of the THT <-» ORT phase 
transition, cf. Eq. 4.78 (Sect. 4.1.10) 
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(6 v, 0 

coordinate system with the £-axis parallel to the preferred spin axis in an 
ordered ferromagnet (cf. Sect. 3.2.1) or a canted ferromagnet with additional 
subscripts a or b for sublattices a or b (cf. Sect. 3.2.2) 

p = 2 cp + a- 2 

critical exponent of the anomalous part of the elastic compliance S 66 at a 
structural phase transition (Eqs. 4.86 and 4.87a in Sect. 4.1.10) 

p = p + Z V 

critical exponent of the sound attenuation near a structural phase transition 
(cf. Eq. 4.137 in Sect. 4.2.2) 

P [gem 3 ] 

mass density 

p s [cm -1 or K] 

spin stiffness, equals 2 S 2 J in our notation, cf. Eq. 4.43a in Sect. 4.1.8 

a [(£2 cm) -1 ] 

electric conductivity 

a 0 [(£2 cm)- 1 ] 

factor in the Arrhenius law for the electric conductivity, see Eq. 2.44 
in Sect. 2.2.6 

f1 

elastic stress (m = 1, 2, ..., 6) in the Voigt notation, e.g. C 6 : 6 = x 0 y 0 in the 
(x 0 , yo, z o) coordinate system 

Ctp — 

percolation critical exponent in scaling relations for njx), R s and Z) s (r), 
see Eqs. 4.97, 4.99a and 4.99b (Sect. 4.1.11) 

droldQdw 

double-differential neutron scattering cross section 

t[s] 

relaxation time 

+ O 

critical amplitude of the relaxation time T near a structural phase transition, 
seeEq. 4.138 (Sect. 4.2.2) 

T c [s] 

mean or centre relaxation time, see Eq. 4.144 (Sect. 4.2.2) 

r 0 [s] 

a microscopic time (= 10 13 s), see Eqs. 4.128 (Sect. 4.1.13) and 4.147 (Sect. 
4.2.2) 

T p = 2+5 p 1 

percolation critical exponent for« s (x p ) (Eq. 4.97, Sect. 4.1.11) 

T 

vector of a nonprimitive translation, connected with a symmetry operation 

To 

order parameter in a modulated structure: amplitude of the modulation, 
cf. Eq. 2.38 (Sect. 2.2.4) 


dimensionless factor relating the temperature T max of the susceptibility 
maximum to the exchange constant/, cf. Eq. 3.28 (Sect. 3.1.3) 

Z, X\\> Xi 

magnetic susceptibility: in general and in antiferromagnets for H 0 parallel 
and perpendicular to the preferred spin direction, % = dM/dH dimensionless 
in our units ( M and H in T), sometimes also presented as molar susceptibility 
in [cm 3 /mol] 

^||c> X-Lc 

magnetic susceptibility for H 0 c andH 0 ±c (cf. Fig. 3.71) 

+ 

ii 

n: 

complex magnetic susceptibility with real and imaginary part 

X* = CIT 

magnetic susceptibility of a noninteracting system (Curie law) with the Curie 
constant C, cf. Eq. 3.25 (Sect. 3.1.3) 

Xh 

magnetic susceptibility in the 2D Heisenberg model, extracted and 
interpolated from experimental data (cf. Sect. 4.1.7) 

y aa 

Aapp 

apparent susceptibility (a =x,y,z), i.e. the measured value before application 
of the demagnetization corrections Eqs. 3.94a and 3.94b (Sect. 3.2.3) 
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Table 1 . List of Symbols and Abbreviations (continued) 


Xac ~ Xac Xac 

ac susceptibility (a =x,y,z) with real and imaginary part, see Eqs. 3.95 
(Sect 3.2.3) and 4.139 (Sect. 4.2.2) 

Xad 

adiabatic susceptibility - Xad®—>°° » T), see Eqs. 4.140a and 4.140b 
(Sect. 4.2.2) 

Xit 

isothermal susceptibility - ,£ ac (®—> 0, T), see Eqs. 4.140a and 4.140b 
(Sect. 4.2.2) 

Xn\ =] ~ M /X()Ho 

X 

nonlinear magnetic susceptibility, see Eq. 4.126 (Sect. 4.1.12) 

idealized susceptibility factor in Eq. 3.28a (Sect. 3.1.3) 

X 

reduced susceptibility, defined as a dimensionless quantity in [78M3], cf. Eq. 
4.62 in Sect. 4.1.8 

Xdyn 

e.g. z xx , % yy 
(a, [3 =x,y,z) 

dynamic magn. susceptibility tensor, cf. Eq. 3.45 (Sect. 3.1.6) 

components of the tensor of magnetic susceptibility %, with respect of the 
(x,y,z) system of the magnetic unit cell; dynamic see Eqs. 3.48, 3.50 

(Sect. 3.1.6); staggered xW)'- see Eq. 4.24 (Sect. 4.1.5) 

Xoz(q, t) 

Xf (q, 0 

%fb(?> 0 

Ztf(^ 0 

Ornstein-Zernike form tor x(q, t), see Eq. 4.28 (Sect. 4.1.5) 

Fisher approximant for %(q, t), see Eq. 4.29 (Sect. 4.1.5) 

Fisher-Burford approximant for /(q, t), 4.30 (Sect. 4.1.5) 

Tarko-Fisher approximant for ;£(</, t), Eq. 4.31 (Sect. 4.1.5) 

i^max? ,^||,max:> X_L,max 

maximum of the susceptibility %, of / and of y ± , resp., observed at T„ Vdx > 7\ 

dimensionsless factor relating the susceptibility maximum % max to the 
exchange constant J, cf. Eq. 3.28 (Sect. 3.1.3) 

Z„a(T) 

magnetic susceptibility per ion of a particular n-ion cluster of type a, 
see Eq. 3.130 in Sect. 3.3.2 

z< n) (/') 

n-th derivative of the susceptibility /(/') with respect to /, cf. Eq. 4.71 
(Sect. 4.1.9) 

Zid 

magnetic susceptibility of a ID system (linear chain), appropriate for diluted 
magnets near x p (Eq. 3.135 in Sect. 3.3.2) 

Z2D> Z3D 

magnetic susceptibility in the 2D and the 3D regime, resp., see Eq. 4.74 
(Sect. 4.1.9) 

0 

factor in the numerator of Z FB (<?, t), see Eq. 4.30 (Sect. 4.1.5) 

0 [deg] 

<t> 

C-C-C bond angle in hydrocarbon chains, 0= 112° 

crossover critical exponent, see Eqs. 4.69 in Sect. 4.1.9 and 4.89 
in Sect. 4.1.11 

(p 

± (p [deg] 

factor in the numerator of^ XF ((jr, t), see Eq. 4.31 (Sect. 4.1.5) 

canting angle of the two sublattices a and b (M a and M b ), with respect to the 
c-axis (Eq. 3.54 in Sect. 3.1.7) 

<Pc [deg] 

canting angle of the sublattice magnetizations M a and M b for H it || c, e.g. in 
antiferromagnets with covert spin canting, see Eq. 3.100a (Sect. 3.2.3) 

¥ ± (u), ¥ ± {u), ¥ ± (v) 

homogeneous functions of u and V in scaling relations Eqs. 4.12a, 4.12b and 
4.12c (Sect. 4.1.2) 

¥ 

barrier exponent with 0 < \|/ < 1 (cf. Sect. 4.1.13) 
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'/'[deg] 

polar angle between the applied field H 0 and the c-axis 

¥ 

phase shift of the reflected wave, phase angle of the amplitude reflection 
coefficient r = -v/R e 11 ^, cf. Eq. 2.22 (Sect. 2.2.1) 

Q ± (q/K), Q ± (q/K •) 

universal scaling functions, homogeneous in qhc, + for T> 7\ and - for 
T< T n , cf. Eq. 4.133 (Sect. 4.2.1) 

Q 0 = Q ± (q, 0) 

CO [s“‘] 

CO o [s _1 ] 

critical amplitude for q —> 0 at T= T N , cf. Eq. 4.135 in Sect. 4.2.1 
frequency 

inverse To* of a microscopic time, typically 10 13 s _1 , see Eq. 4.150 
(Sect. 4.2.2) 

®e [s' 1 ] 
cop [s- 1 ] 

exchange frequency as defined in Eq. 4.178a in Sect. 4.2.8 

rms frequency of the dipolar contributions to the fluctuations, see Eq. 4.178 
inSect. 4.2.8 and [90B1] 

ft)p [s- 1 ] 

«(?) = ft) q [s _1 ] 

®n(«) = ft> q ,n [s 1 ] 

microwave pumping frequency in parallel pumping experiments 

frequency of magnons at wavevector q within the first Brillouin zone 

frequency of the phonon in branch p at wavevector q within the first 
Brillouin zone 

A©epr 

EPR linewidth (in frequency space) due to the exchange interaction 
(exchange narrowing), cf. Eq. 4.178 in Sect. 4.2.8 

b) Abbrevations 

0.4653(8) 

data are presented with the error limits (standard deviations or appropriate 
estimate) of the last decimal place in parentheses 

ID 

1 st r 2 nd r 

A op? ^ 'op 

one-dimensional 

in doubler-layer compounds: two different values of the out-of-plane M-X 
bond length r op , the first is for the bridging X“-ion between two M 2+ -ions in 
neighbouring layers (cf. Eq. 2.7, Sect. 2.1.1), and the second one is for the 
terminal X -ion 

1-magn. Raman sp. 

one-magnon Raman spectroscopy, determination of Vafmr or other magnon 
frequency 

2D 

two-dimensional 

2 v. r ip = def. oct. 

2 values presented for r; p which result from a deformation of the MX 6 octa- 
hedra due to orbital ordering and a collective Jahn-Teller effect 

2 v. r ip = c. sym. 

2 values presented for r v which result from the reduced symmetry of the 
structure under consideration, usually accompanied by a slight deformation 
and tilt of the octahedra 

2-magn. Raman L. 

2 nd d.: Acam 

two-magnon Raman line 

second crystallographic domain is Acam, but the structure has been refined in 
and the lattice parameters correspond to the first domain, namely Bbcm for 
this example 

3D 

three-dimensional 
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[III/4a], [III/12a] 

materials which have already been listed in Vol. III/4a or Vol. III/12a for 
which new data are presented here 

[III/4a] rep. 

data from Vol. III/4a have been reproduced due to the lack of more recent 
data 

[Ill/12a] rep. 

data from Vol. Ill/12a have been reproduced due to the lack of more recent 
data 

AF-phase 

AFMR 

antiferromagnetic phase (cf. Fig. 3.16 in Sect. 3.1.6) 
antiferromagnetic resonance 

AFMRLW 

antiferromagnetic resonance linewidth 

abbr. 

ac cal. 

abbreviation 

ac calorimetry, cf. [80H4] 

ad. cal. 

add. 

adiabatic calorimetry 

additional 

afm. 

anal. 

antiferromagnet or antiferromagnetic 
analysis 

Z-dependence 

angular dependence 

approx. 

arb. units 

approximately 
arbitrary units 

basic str. 

birefr. 

basic structure which is the basis of an incommensurate modulated structure 

(studies with) birefringence 

CMB 

circular magnetic birefringence, details see for example [80P4] 

C V {T) by ad. cal. 

C V (T) by d.s.c. 
calc. 

c.f.a.p., e.g. r ip 

c.s.g. 

specific heat measured by the adiabatic calorimeter method 
specific heat measured with a differential scanning calorimeter 

calculation, calculated 

calculated from the atomic positions, for example r ip 

chemical or crystallographical space group, disregarding the magnetic order 

c.u.c. 

coeff 

chemical unit cell, in contrast to the antiferromagnetic one 

coefficients 

coll. JTE 

collective Jahn-Teller effect 

comp. 

c.s.d. 

comparison, compared 

complete structure determined including atomic positions and thermal 
parameters, see given reference 

const. 

constant 

cont. 

continuous phase transition (2 nd order phase transition) 

x-over 

crossover, e.g. lattice dimensional 2D 3D or spin dimensional 

XY Heisenberg 

c. sym.: 

DMI 

crystal symmetry (when space group is not known) 

Dzyaloshinskii-Moriya (antisymmetric exchange) interaction, cf. Sect. 3.1.6 

d det. dir. 

interlayer separation d has been determined directly, mostly by powder x-ray 
diffraction, without determining the complete set of lattice parameters 
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determ. 

determination (of) 

def. 

dens, of states 

deformation 

(magnon or phonon) density of states 

diel. c. 

dielectric constant measurements 

diffr. 

diff. x-ray sc. 
dipolar interact. 

disc. 

(studies with) diffraction, by means of elastic x-ray and/or neutron scattering 

diffuse x-ray scattering 

(magnetic) dipolar interactions 

discontinuous phase transition (1 st order transition) 

d.s.c. 

differential scanning calorimetry 

EISF 

elastic incoherent scattering factor (neutron scattering) 

EPR 

(studies with) electron paramagnetic resonance 

EPR LW 

eff. spin 1/2 Ham. 

elast. const. 

elast. c. 

electron paramagnetic resonance linewidth 

effective spin 1/2 Hamiltonian, Co-compounds (Eq. 3.62 in Sect. 3.1.8) 
elastic (stiffness) constants 

elastic constants measurements, by means of sound velocity studies or by 
means of Brillouin scattering 

el. + quasi-el. n-scatt. 

electr. 

elastic and quasi-elastic neutron scattering (experiments) 

electric 

exam. 

examination 

exp. 

exp. data included 
expl. 

Fi 

F„ 

Fig., Figs. 

fct. 

experiment, experimental 

experimental data on which a spin-wave analysis is bases 
explained 

out-of-plane (axial, terminal) F"-ion (cf. Fig. 3.7, Sect. 3.1.3) 

in-plane (bridging, equatorial) F“-ion (cf. Fig. 3.7, Sect. 3.1.3) 

Figure, Figures (with appropriate numbers) 

function, e.g. spin correlation function (see Fig. 4.65 in Sect. 4.2.8) 

fm. 

// 0 -dependence 

H 0 \\a, b, ||c 

ferromagnet or ferromagnetic 
dependence on applied magnetic field H 0 

means that H 0 has been applied parallel to the a-axis, to the /-axis and also 
parallel to the c-axis in the experiment under consideration. Sometimes the 
crystallographic directions are specified by (1, 0,0) (1,1, 0) etc. instead of a, b, c 

(H 0 , T) phase diagram 

diagram of magnetic phase boundaries, especially for afm., as applied field 
H 0 versus temperature T 

HAUP 

high accuracy universal polarimeter method, for measuring simultaneously 
optical activity and birefringence [83K1, 86K1, 88K1] 

Heis., Heisenb. 

HP 

Heisenberg (model) 

high pressure structural phase 

HT 

high temperature structural phase 

h.m.f. exp. 

high magnetic field experiments 
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high press, exp. 

h.t.s. 

high pressure experiments 
high temperature series expansion 

IM 

intermediate temperature structural phase 

IM1, IM2 

INC 

1 st and 2 nd intermediate temperature structural phase 
incommensurate structural phase 

inc. 

transition to an incommensurate phase 

inc. str. 

incoh. n.s. 

incommensurate structure 

incoherent neutron scattering 

ind. in Bbcm 

indexing of the diffraction data was successful in the space group Bbcm as an 
example, but there are doubts whether this is the correct space group for the 
structure under consideration 

inel. n-scatt. 

inelastic neutron scattering 

in-plane anis. 

in-plane anisotropy (energy), cf. Eqs. 3.35 (Sect. 3.1.4) and 3.40 (Sect. 3.1.5) 

inv. 

inverse, e.g. inverse susceptibility/" 1 (cf. Fig. 3.10 in Sect. 3.1.3 and inverse 
correlation length ^(cf. Fig. 3.78 in Sect. 3.3.6) 

ir spectr. 

LMB 

(studies with) infrared spectroscopy 
linear magnetic birefringence 

LRO 

long range order 

LT 

low temperature structural phase 

LW 

linear spin-w. th. 

MCD 

linewidth 

linear spin-wave theory, without Oguchi corrections [6001] 
magnetic circular dichroism 

MHT 

monoclinic high temperature structural phase 

MLT 

monoclinic low temperature structural phase 

MME 

method of matching the matrix elements, see [74L2, 76L3] 

MRT 

monoclinic room temperature structural phase 

magn. 

magn. pt. 

magnetic 

magnetic phase transition 

m.u.c. 

magnetic unit cell 

major, minor pt. 

major or minor structural phase transition with the larger or smaller transition 
enthalpy AH, resp. 

max. / 

meas. X 

maximum (of / as an example) 

measurement of quantity X; X=M: measurement of magnetization M; 
X = /: measurement of susceptibility / 

meas. v AFMR 

meas. and anal, of/ 

measurement of V AFMR by AFMR, ir spectr. or 1-magn. Raman sp. 

measurement of susceptibility / and analysis of the exp. data with respect to 
the exchange constant ,1 etc. 

min. Xl 

NIR 

minimum (of /j_ as an example) 
near infrared (spectral range) 
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NMR 

(studies with) nuclear magnetic resonance 

NMR LW 

nuclear magnetic resonance linewidth 

NQR 

n-diffr. 

(studies with) nuclear quadmpole resonance 
neutron diffraction (experiments) 

n-scatt. 

neutron scattering (experiments) 

n-scatt., 
diff. cooling pr. 

OHT 

neutron scattering experiments after different cooling procedures 

orthorhombic high temperature structural phase 

OLT 

orthorhombic low temperature structural phase 

ORT 

only u.c.p. ( d) by diffr. 

orthorhombic room temperature structural phase 

only the unit cell parameters (interlayer distance d) have been determined by 
diffraction 

opt. m. 

optical methods with or without microscope and with or without polarizers to 
study by visual observation the domain structure of the sample and the 
optical anisotropy within the plane of the perovskite-type layer 

opt. spectr. 

orb. order 

optical spectroscopy (near infrared, visible, ultraviolet) 
orbital order, orbital ordering 

orthorh. 

out-of-pl. anis. 

orthorhombic 

out-of-plane anisotropy (energy), cf. Eqs. 3.35 (Sect. 3.1.4) and 3.40 (Sect. 
3.1.5) 

PM-phase 

paramagnetic phase of an antiferromagnet at sufficiently high temperatures or 
high magn. fields (cf. Fig. 3.16 in Sect. 3.1.6) 

p.p. 

peak pumping, with microwaves in quasi-2D ferromagnets, see Sect. 3.2.5 
and [74Y1] 

peak pos. 
ph. 

pref. 

Qo - (h, k, 1) 

peak position, e.g. of the two-magnon Raman line 
phase, for example ORT-phase, 8-phase 
preferably 

abbr. for Q 0 = ha* + kb* + 1 c*, referring to a Bragg reflection or an anti¬ 
ferromagnetic superreflection 

q 0 = (h,k,i+y 

abbr. for Q 0 = ha* + kZ>* + (1 + £ z )c*, referring to a location on an afm. or 
fm. Bragg rod 

* = (CC, o) 

abbr. for q = i^a* + Cb*, referring to a magnon wavevector or to a scan across 
a Bragg rod 

Raman sp. 

REIM 

(studies with) Raman scattering spectroscopy 
random exchange Ising model (cf. Sect. 4.1.12) 

RFIM 

random field Ising model (cf. Sect. 4.1.12) 

RMS (distance) 

red. 

root mean square value (of the distance), see Eq. 4.91 (Sect. 4.1.11) 

reduced, e.g. reduced temperature T/T N (cf. Fig. 3.3 in Sect. 3.1.2) and 
reduced magnetization M subl (r)/M subl (0) (cf. Fig. 3.15 in Sect. 3.1.5) 

reentr. 

reentrant phase transition 
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ref. in 14/mmm 

the lattice parameters have been obtained by refining the structure in the 
space group 14/mmm although the actual structure may be different, possibly 
a subgroup of 14/mmm. This is the case when only the main Bragg reflections 
are taken into account and not the (weaker) superreflections 

retL, refls. 

renorm, spin.-w. th. 
resid. single-ion anis. 

reflection, reflections, e.g. Bragg reflection(s) 

renormalized spin-wave theory, with Oguchi corrections [6001] 

residual single-ion anisotropy (energy), cf. [84U] 

resp. 

Sect., Sects. 

SF-phase 

respectively 

Section, Sections (with appropriate numbers) 

spin-flop phase of an antiferromagnet for applied parallel to the easy axis 

(cf. Fig. 3.16 in Sect. 3.1.6) 

s. also 

see also 

s.g.: 

space group in the notation and with the corresponding number of the 
International Tables for X-Ray Chrystallography [691], but often in a non¬ 
standard setting in order to have the c-axis perpendicular to the layers (unique 
c-axis) 

spin-w. th. 

struct. 

spin-wave theory 

structure 


struct, pt. structural phase transition 

str. diff. ph. not st. in det. structures of the different (structural) phases have not been studied in detail 

struct, pt.('s) studied by: structural phase transition(s) have been studied by: then following the 
methods with the appropriate references 


subthr. p.p. 
symm. log. sing. 

subthreshold parallel pumping (see Sect. 3.2.5) 

symmetric logarithmic singularity, in the magnetic specific heat of the 2D 
Ising model, cf. Eq. 4.6 (Sect. 4.1.2) 

TCP 

/’-dependence, T-dep. 

THT 

tricritical point 

temperature dependence 

tetragonal high temperature structural phase 

TLT 

tetragonal low temperature structural phase 

theor. calc. 

theoretical calculation 

therm, m. 

thermal (calorimetric) methods, e.g. differential scanning calorimetry or 
studies with an adiabatic calorimeter [84W1] 

therm, e. 

thermal expansion measurements 

ultrason. 

ultrasonic 

u.c.p. 

^-anomaly 

unit cell parameters 

special type of spike in the specific heat at a phase transition 
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9.12.2 Structural Properties 

(For figures and tables of this section see p. 78 ff) 


9.12.2.1 Structures 

9.12.2.1.1 General Aspects 

For a great number of perovskite-type layer compounds, the structures have been determined by x-ray 
diffraction or by neutron scattering. The results of such measurements have been compiled in Table 2 
according to the order introduced in Sect. 1.3. There are listed the lattice parameters a, b, and c together 
with the space group in the notation according to the International Tables for X-Ray Crystallography 
[691], provided the space group is known. Otherwise, only the crystal symmetry is given. Also the angles 
a, fi, and y between the crystallographic axes are listed in Table 2 when they are different from 90°, i.e. 
in monoclinic and triclinic structures. All crystallographic data are presented in Table 2 with their error 
limits, i.e. the uncertainty of the last decimal place in parentheses as introduced in Sect. 1.3. Space groups 
are usually denoted by the international symbol, e.g. 14/mmm or Abma. In some cases however, also the 

Schoenflies symbol will be presented, i.e. D 4h and D 2h for these two examples. It was already pointed 
out that we are dealing with layer structures here. In order to make the lattice parameters for the various 
compounds comparable with each other, it is necessary and more convenient for the reader when we 
introduce for all compounds a unique coordinate system in which the c-axis is perpendicular or, in 
monoclinic or triclinic crystals, almost perpendicular to the perovskite-type layers. Therefore, the 
standard setting of the International Tables can often not be used but a setting has to be used which results 
from the standard setting by interchanging and relabelling the lattice vectors a, b, and c. For such 
nonstandard settings, the international notation for space groups is the more appropriate one. Below, a 
number of space groups will be considered with a nonstandard setting. 

In cubic perovskites, the octahedra are regular as is required by symmetry. Such a requirement does 
no longer hold in the layer structures even in the socalled K 2 NiF 4 structure (14/mmm, cf. Fig. 2.1) with 
the highest symmetry among the layer-type compounds. In many compounds, however, the octahedra are 
almost regular also in tetragonal or lower symmetry. For demonstrating this, the M-X bond lengths are 
compiled for many compounds in Table 3. Two types have to be distinguished. One is the in-plane bond 
length n p for bridging X -ions between two M 2+ -ions within the layers. Thus, n p is parallel or nearly 
parallel to the plane of the layer. For the K 2 NiF 4 structure, we have (see Fig. 2.1) 

r ip = all (2.1) 

where a is the in-plane lattice parameter. The other M-X bond length is the out-of-plane one r op for 
terminal X -ions with only one neighbouring M 2+ -ion, and r op is perpendicular or nearly perpendicular to 
the plane of the layer. It has to be calculated from the atomic position parameters and the lattice 
parameters which yields for the K 2 NiF 4 structure: 

r op = z x ■ c (2.2) 

where (0, 0, z x ) and (0, 0, 0) are the atomic positions of the X'- and the M 2+ -ion, respectively. The 
difference between r; p and r op shows us for the tetragonal K 2 NiF 4 structure the deviations from a regular 
octahedron. This deviation increases when the crystal symmetry is lowered, for example as a consequence 
of structural phase transitions. In orthorhombic or lower symmetry, it is further possible that there are two 
different values for n p . The values of r\ v and r op depend essentially on the chemical nature of the X~-ion, 
and typical values for M-F, M-Cl, and M-Br bonds are 0.20-0.22 ran, 0.25-0.26 nm and 0.27-0.28 ran, 
resp., (cf. Table 3). There is only a slight dependence on the M-ion. The bridging X -ions mediate the 
magnetic superexchange in case of paramagnetic M 2+ -ions, and also from this point of view, the M-X 
bond length n p is of interest. In addition to the bond lengths n p and r op , the interlayer separation d is a 
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characteristic measure for the layer structures under consideration which is in the KiNiF 4 structure 
(cf. Fig. 2.1) 


d=d 2 (2.3) 

This distance between the layers is an especially interesting quantity for compounds with hydrocarbon 
chains (C n H 2n+1 NH 3 ) 2 MX 4 . The data in Table 3 show that the layer separation d increases with n while 
the in-plane M-X bond length n p and thus the size of the whole perovskite-type layer are almost 
independent of n. For some long-chain compounds, there are not all data available necessary for the 
calculation of n p and /- op . In such a case it is useful to define an average in-plane length (n P ) as a measure 
for the size of the octahedral layer system. If the parameters a, b, c of the orthorhombic lattice are known 
but not the atomic positions for more detailed calculations, the average value for n p is 

<r ip ) = \ 4a-bl 2 (2.4) 

where the factor 2 under the square root accounts for the change of coordinate systems as discussed 
below. In some cases only the layer separation d has been determined directly from diffraction data and 
not the whole set of lattice parameters. If then the volume F mol of 1 mole of the compound under 
consideration is known, the average value of n p can be defined in the following way 

< r ip> = 2" V^moi l(L ■ d) (2.5) 


where L is Avogadro’s number and V mo \/L the volume of one molecule. 

For double-layer structures (cf. Fig. 1.2), two values for the layer separation have to be considered. At 
first there is the distance between the two layers of a double-layer set. This will be denoted a because it 
should ideally be equal to the lattice parameter a. The second distance is the separation d of two double¬ 
layer sets from each other. In this case, we obtain 


d = cl2-a' (2.6) 

because c/2 measures half of the whole unit cell in Fig. 1.2 from which the width a of double-layer set 
has to be subtracted. For the out-of-plane M-X bond length, we have also two values in the double-layer 
structure. The first one is that for the bridging X -ion connecting two M 2 -ions in neighbouring layers of 
the double-layer set. The corresponding value is 

= a'/2 (2.7) 

while the second one is again that for a terminal X~-ion, and this value for r op can only be calculated from 
the atomic positions and the lattice parameters. No simple formula can be presented in this case since the 
calculations depend on the origin which can be chosen in two different ways for the double-layer 
structure. The origin should be in the middle between the two layers (see Fig. 1.2) at a center of inversion. 
But there, it can be chosen either at the position of an A + -ion [65S, 78G] or at that of an X -ion [80H1, 
82B2], 

With respect to structural and also magnetic phase transitions, there is usually a reduction of the 
symmetry from tetragonal to orthorhombic and/or monoclinic. In case of the K 2 NiF 4 structure, this 
requires a change of the coordinate system. The x- and j'-axes are rotated by 45° about the z = z 0 -axis as 
shown for the tetragonal K 2 NiF 4 structure in Fig. 2.1, where the usual body-centered unit cell (I4/mmm) 
is presented together with the unusual face-centered cell (F4/mmm) and the rotated coordinate system. 
This face-centered structure is the starting point for a number of orthorhombic structures resulting from 
phase transitions. The coordinate system for the space group I4/mmm is denoted (x 0 , y 0 , z (l ) because it 
refers to the high temperature parent space group Go while that for F4/mmm is denoted (x,y,z) since it is 
also appropriate for all the space groups G n of lower symmetry which are subgroups of G 0 . In the 
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discussion of the structural and magnetic properties of the perovskite-type layer structures, the (x,y, z) 
system will be more important than ( Xo,yo,z Q ), in particular with respect to low temperatures. F4/mmm is 
a further example for a non-standard setting of a space group. The change of the coordinate system can as 
well be described as a change of basic lattice vectors (a, b, c) —> (a + b, b - a, c ) where we use 

a = (a, 0,0), b = (0, a, 0) and c=(0,0, c) (2.8) 

as an orthogonal set for 14/mmm in accordance with the International Tables [691]. The coordinates in 
Eq. 2.8 refer to the system (x 0 ,y 0 , z 0 ). A similar set of basic vectors is obtained for the system (x, y, z) with 

a ( X y ,) = >/2 • fl(xO, y o,zO) an d c (x^) = c (.rf) l y 0 ,z 0 )- In Table 2 with the crystallographic data, it is not possible to 
indicate for each entry the coordinate system, whether (x 0 , y 0 , z 0 ) or (x, y, z) is used for the description of 
that particular crystal structure. This would be too space-consuming. It is, however, relatively easy to 

identify the coordinate system because of the factor ^2 between the in-plane lattice parameters (a and b ) 
of the two systems. 


9.12.2.1.2 Easy-Axis Antiferromagnets 

Many compounds with paramagnetic divalent M-ions become antiferromagnetic. Below their Neel 
temperature 7\. the spins are aligned parallel or antiparallel to the c-axis in antiferromagnets of the easy- 
axis type. The doubling of the unit cell in the transition to the antiferromagnetic state requires a change to 
the face-centered unit cell (cf. Fig. 2.1) and to the (x,y, z) coordinate system. However, the crystal 
symmetry is reduced to orthorhombic because the antiferromagnetic order destroys the four-fold 
symmetry of the space group F4/mmm. Therefore, we obtain two antiferromagnetic domains in these 
materials (see Fig. 2.2) which can be described as the space groups Acam and Bbcm. For Rb 2 MnCl 4 , an 
elaborate structure determination has confirmed these space groups for the antiferromagnetic phase 
(T< T n ) [97T2]. Acam and Bbcm are again examples of non-standard settings of crystallographic space 
groups. In this case, the standard setting found in the International Tables is Cmca (No. 64). The complete 
notation for the magnetic space groups is Acam + Acam X (0 | t) and Bbcm + Bbcm X (0 | r) , resp., [70 
E, 76D1, 80J]. These magnetic space groups are type IV Shubnikov groups [69C2]. The operation of time 
inversion 0 is combined here with the nonprimitive translation T= (a/2, a/2, 0) which connects an up- and 
a down-spin within the same plane z = const, in the antiferromagnetic structure (cf. Fig. 2.2). The vector x 

refers to the system (x,y, z) with a (v v-z) = V 2 -a^o v0 - 0) .The difference between the two domains is that 

the orientation of the spins in the plane z = j is reversed in Bbcm with respect to Acam. Both domains 

can be distinguished by neutron diffraction since they give rise to different antiferromagnetic 
superreflections. This was first reported for K 2 NiF 4 [62L1, 64P]. The equivalence of the two domains 
results from the fact that the interlayer exchange interaction is negligibly small and that the reversing of 
the spin in the plane z = \ requires only an extremely small amount of energy. Detailed considerations 

show further that the interactions almost cancel between the spins in the plane z = \ and those in the 

neighbouring planes z = 0 and z = 1. The cancellation is complete for the I/4mmm tetragonal structure, 
but not quite complete in lower symmetry. Thus, the interlayer interaction is essentially between next- 
nearest layers. It is ferromagnetic, but extremely small. In this sense, these antiferromagnets can be called 
two-dimensional although their magnetic ordering is three-dimensional. 

The small interlayer interaction can also be antiferromagnetic. In this case, magnetic Bragg reflections 
are observed at half-integer values of 1 0 or 1 indicating a magnetic unit cell with lattice parameter 2c 
instead of c as for the K 2 NiF 4 structure (cf. Fig. 2.3a). In such a magnetic structure, an antiferromagnetic 
interaction between next nearest layers causes the spins in the plane z = 1 to be oriented antiparallel to 
those in the planes z = 0 and z = 2. This type of magnetic ordering was first described for Ca 2 Mn0 4 
[69C1] and is therefore called Ca 2 Mn0 4 -type (Fig. 2.3a) in contrast to the K 2 NiF 4 -type ordering with 
ferromagnetic interaction between next nearest layers where the spin orientation is parallel in the planes 
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z = 0 and z = 1 (cf. Fig. 2.3b). Ca 2 Mn04-type ordering has mainly been observed for Rb 2 MnF 4 [70B1] 
and Cs 2 MnF 4 [9411]. In these compounds, the two types of ordering coexist below T N . In Rb 2 MnF 4 , 
magnetic Bragg reflections with small intensity have also been found for 1 = j and for I = jr [871, 8911], 

in addition to the largest peak at 1 = y and the one at 1 = 0. Under hydrostatic pressure, the peak at 1 = j 
decreases and finally disappears while a number of new reflections appear at 1 = »T ’ n Rb 2 MnF 4 

and at 1 = y,f,y in Cs 2 MnF 4 [9411]. This behaviour is ascribed to the subtle balance of ferro- and 

antiferromagnetic interlayer interactions which is affected by the reduction of the interlayer separation 
due to the hydrostatic pressure. For most of the other compounds like K 2 MnF 4 [73B1, 73J1], K 2 CoF 4 
[74S1], Rb 2 MnCl 4 [70G2], the K 2 NiF 4 -type ordering is stable and the only one. In 
Rb 2 Mn]_ x Co x F 4 [8911] mixed crystals, the antiferromagnetic Bragg reflection at (1, 0, j ) is the strongest 
one for x = 0 (Rb 2 MnF 4 ). With increasing Co-concentration x, diminishes and vanishes for x = 0.9. Only 
the peak at (1, 0, 0) remains for 0.9 < x < 1 indicating the ferromagnetic interlayer interaction as the only 
one there. However, there are a few reports where ordering of the Ca 2 Mn0 4 -type (cf. Fig. 2.3a) was found 
in compounds other than Rb 2 MnF 4 , e.g. in a single sample of K 2 MnF 4 [721]. For Rb 2 MnCl 4 [70G2], the 
two types of ordering have been observed not coexisting in the same sample as in Rb 2 MnF 4 but separately 
in samples grown by different techniques, namely only the K 2 NiF 4 -type one (cf. Fig. 2.3b) in samples 
grown from the melt while samples grown from aqueous solutions showed only the Ca 2 Mn0 4 -type 
ordering. 

When the antiferromagnetic ordering requires a reduction of the symmetry of the crystal it is possible 
that magneto-elastic or magnetostrictive effects cause a small deformation of the crystal. This was 
observed first in antiferromagnets of the type MnO, NiO etc. [58R2] where the symmetry is reduced from 
cubic to trigonal in the antiferromagnetic state. For K 2 MnF 4 and Rb 2 MnCl 4 , the results of magnetic 
resonance experiments [92G1] indicate that there is a small orthorhombic distortion in the 
anti ferromagnetic phase of these materials. Fig. 2.2 illustrates that the ordered spins form ferromagnetic 
sheets, alternate along the (+z)-direction and along the (-z)-direction. An orthorhombic deformation 
could actually be due to the attractive forces between these sheets and thus due to magneto-elastic or 
magnetostrictive effects. Fig. 2.2 shows also that the ferromagnetic sheets are perpendicular to the x-axis 
for Acam and perpendicular to the y-axis for Bbcm. This deformation is small but in a high-resolution 
neutron diffraction experiment it was possible to determine it to be (a - b)/a = 8 ■ 10 4 at temperatures 
below T n [97T1, 98T]. An earlier estimate of 5 • 10~ 5 [64P] agrees quite well with this value. Because of 
the smallness of (a - b), the lattice parameters a and b are not listed separately in Table 2 in these cases 
but as a ~ b = ... . 

Completely analogous considerations apply to the antiferromagnetic order of double-layer perovskite- 
type compounds like K 3 Mn 2 F 7 [79U] or Rb 3 Mn 2 Cl 7 [76G1]. There are also two domains as shown in Fig. 
2.4. Again the symmetry is reduced from tetragonal (14/mmm) to orthorhombic (Acaa or Bbcb, resp.). 
This means also that the coordinate system is changed from (x 0 ,y 0 ,z 0 ) to (x,y,z). For this case, the 
magnetic space groups are Acaa + Acaa x (9 | r) and Bbcb + Bbcb x (9 | t), also type IV Shubnikov 
groups [69C2], where 9 is again the time reversal operator and T the vector connecting an up- and an 
down-spin as discussed above. The standard setting of the ordinary (unitary) part of these magnetic space 
groups is Ccca (No. 68). Also in this case, the distribution of the spins over the two domains can be 
determined by neutron diffraction experiments. Unfortunately, the notation for the antiferromagnetic 
superreflections is not unique and may be confusing since they are denoted in some papers according to 
the reciprocal lattice of the paramagnetic (chemical) unit cell (h 0 , k 0 ,1 0 ) with half-integer values for h 0 an 
k 0 and in others according to the magnetic unit cell (h, k, 1) with integer values of h and k. The 
comparison of such two sets is complicated because of the change of the coordinate system as explained 
above. Therefore it seems necessary to discuss the relevant relations of the reciprocal lattice in detail, at 
first for the single-layer structures A 2 MX 4 . For the paramagnetic or chemical unit cell with coordinate 
system (x 0 , y 0 , z 0 ) in real space, we denote the reciprocal lattice points by (h 0 , k 0 ,1 0 ) and the components 
of the wavevector by (q x0 , q y0 , q z0 ) and for the antiferromagnetic unit cell with coordinate system (x, y, z) 
by (h, k, 1) and (q x ,qy,q z ), respectively. Fig. 2.5a shows the (g x0 , <7yo) or (<7 X > <7y) reciprocal lattice plane 
together with the two reciprocal space coordinate systems. Fig. 2.5b presents the ( q x , ry z )-pkmc. In both 
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parts of Fig. 2.5, the reciprocal lattice points are shown for the nuclear Bragg reflections and for the 
superreflections arising from the two antiferromagnetic domains. In addition, thick lines indicate in Fig. 
2.5b the Bragg rods which are due to strong two-dimensional correlations of the spins and which are 
usually observed at temperatures slightly above T N . This phenomenon will be discussed in more detail in 
context with the magnetic phase transitions. The lattice points in reciprocal space are in general given by 

Q = h 0 a* + k 0 b* + \ 0 c* (2.9) 

for the (< 7 x0 , q y0 , c/ z0 )-system. The reciprocal lattice vectors a*, b*. and c* are defined here in accordance 
with the International Tables [691]. They are an orthogonal set corresponding to the lattice vectors Eq. 2.8 
for the K 2 NiF 4 structure: 

a* = (a*, 0,0) 6* = (0,6*,0) c* = (0, 0, c*) (2.10) 

with a* = b* = 2 k/ a and c* = 2k/ c. For the (q x , q y , ^ z )-system, we obtain a similar expression with (h, k, 1). 
The conditions limiting possible reflections are for the single-layer structures A 2 MX 4 (cf. Fig. 2.5). 

1) nuclear Bragg reflections (h 0 , k 0 ,1 0 ): h 0 + k 0 + 1 0 = 2n 

2) antiferromagnetic superreflections domain 1 (Acam): 

(h 0 , k 0 ,1 0 ) [h 0 , k 0 with half-integer values!]: h 0 + k 0 + 1 0 = 2n + 1; 

(h, k, 1): h + k = 2n + 1, k + 1 = 2n. 

3) antiferromagnetic superreflections domain 2 (Bbcm): 

(h 0 , k 0 ,1 0 ) [h 0 , k 0 with half-integer values!]: h 0 + k 0 + 1 0 = 2n; 

(h, k, 1): h + k = 2n + 1, h + 1 = 2n. 

The units in Fig. 2.5 are a *, b* for both systems where 2n/a^ y ^^ V^Ti/a^o v0 z0) for the (q x ,q y ,q z ) 

system and, in addition, c* in Fig. 2.5b. For the double-layer structures A 3 M 2 X 7 , we obtain the same rules 
for the nuclear reflections and for the antiferromagnetic superreflections from the two domains Acaa and 
Bbcb, for the latter with one difference: No superreflections are observed for 1 0 = 1 = 0, but only for 1 ^ 0. 
Therefore, Fig. 2.5 applies also to A 3 M 2 X 7 compounds if we consider it as the illustration of a plane 
1 = const, in reciprocal space with 1 = 2n ^ 0. In practical structure determinations, often only the strong 
nuclear reflections are taken into account and the superreflections are disregarded. This leads then to the 
paramagnetic or chemical unit cell, i.e. I4/mmm in our example. In Table 2, these cases show the remark 
"refined in I4/mmm" which means that the actual structure is obtained by including the superreflections in 
the structure determination. This actual structure is then in general a subgroup of the space group 
I4/mmm. For studying antiferromagnetic phenomena, it is necessary to measure the antiferromagnetic 
superreflections in detail, e.g. the temperature dependence of their intensity. 


9.12.2.1.3 Easy-Plane Ferromagnets and Antiferromagnets 

Besides the easy-axis antiferromagnets of the K 2 NiF 4 -type discussed so far, there are easy-plane antiferro¬ 
magnets like K 2 FeF 4 and Rb 2 FeF 4 with the preferred spin direction perpendicular to the c-axis [68W1, 
69L1]. The paramagnetic or chemical structure of these Fe-compounds is also I4/mmm. In the 
antiferromagnetic phase, the spins are aligned parallel or antiparallel to the x- or the y-axis in the basal 
plane combined with a doubling of the unit cell which means again a change of the coordinate system 
from (x 0 , y (l , z 0 ) to (x,y, z). The ordering of the spins in the plane z = \ leads again to an A-centered or a 

B-centered lattice. Thus, one would expect four antiferromagnetic domains in this case [79B2] as shown 
in Fig. 2.6. The positions (h, k, 1) of the antiferromagnetic superreflections obey for A- or B-centering the 
same rules as described above, but their intensities depend on the spin orientation. And in a neutron 
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scattering study [82T1], it was found that only two of the four domains actually exist in K 2 FeF 4 , namely 
b) and c) in Fig. 2.6, and that there is a unique stacking of nearest neighbour layers in K 2 FeF 4 in contrast 
to the easy-axis antiferromagnets like K 2 MnF 4 and Rb 2 MnCl 4 . If we define sheets as the planes spanned 
by the spin orientation and the c-axis, the sheets exhibit antiferromagnetic order of the spins (cf. Fig. 2.6) 
in domains a) and d) and ferromagnetic order in domains b) and c). Thus, the domains observed in 
K 2 FeF 4 exhibit ferromagnetic order of the sheets. These results indicate further that the formation of 
ferromagnetic sheets is energetically more favourable and that there exists a coupling between the layers. 
For the two domains observed in K 2 FeF 4 [b) and c) in Fig. 2.6], the magnetic space groups are similar to 
those for the easy-axis antiferromagnets, namely Abma + (0 | t) X Abma and Bmab + (9 | t) x Bmab, 
respectively. Both are again type IV Shubnikov groups [69C2]. 

In compounds with M = Cu 2+ , Cr 2+ , the MX 6 octahedra are considerably deformed because of a 
collective Jahn-Teller effect in these ions with orbital degeneracy in their ground state. This collective 
Jahn-Teller effect is accompanied by an orbital ordering of the M 2+ -ions as first pointed out by Khomskii 
and Kugel [73K1]. The alternate ordering of the d, 2_ x 2 and d z 2_ y 2 orbitals in K 2 CuF 4 is illustrated in 

Fig. 2.7. It was observed experimentally by polarized neutron diffraction [7611]. The Jahn-Teller 
distortion of the octrahedra and the orbital ordering induce ferromagnetic coupling between nearest Cu 2+ - 
neighbours, and below the Curie temperature T c , K 2 CuF 4 orders ferromagnetically with the preferred spin 
direction in the basal plane (easy-plane ferromagnet). The Jahn-Teller distortion means an elongation of 
the octahedra in x 0 - or y 0 -direction as shown in Fig. 2.7. X-ray diffraction studies [74F11] were used to 
determine the in-plane Cu-F bond length n p , namely the smaller one (0.192 nm) which is equal to the out- 
op-plane bond length r op (cf. Fig. 2.7) and the larger one (0.222 nm) resulting from the elongation of the 
octahedra. Because of this elongation, the crystal structure (above T c ) is no longer 14/mmm but a 
structure of lower symmetry (cf. Fig. 2.8). The reduction of symmetry is here the result of the Jahn-Teller 
distortion and not due to the antiferromagnetic ordering as in the previous examples. Also in this case, the 
coordinate system ( x,y,z ) must be used instead of the (xoAoAo) system as indicated in Fig. 2.8. For 
K 2 CuF 4 , two crystal structures have been observed with the space groups I4c2 (No. 120) [74F11] and 
Acam or Bbcm (No. 64) [79H1, 83H1]. This is analogous to KCuF 3 where also two structures, namely 
P4/mbm and 14/mcm, have been found [72T1]. For both Cu-compounds, the two structures are nearly 
identical, only the orientation of the Jahn-Teller distortion is different in some of the layers. This is 
sketched in Fig. 2.8 for the layers within a unit cell of the two structures of K 2 CuF 4 where the elongation 
of the octahedra is depicted in an exaggerated way. For I4c2, the elongation pattern is rotated by 90° 
about the c-axis (perpendicular to the planes in Fig. 2.8) in the planes at z = 1.27 nm and z = 1.91 nm with 
respect to the planes at z = 0 and z = 0.64 nm. For Acam on the other hand, the ordering is parallel for 
these two sets of planes. The lattice parameters a and b are equal for both structures within the limits of 
experimental error while the parameters c differ by a factor of two (c=1.27nm for Acam and 
c = 2.54 nm for I4c2) as a consequence of the different stacking of the layers. For reasons of this 
difference of the lattice parameters c, the planes have been labelled by the z-coordinate in nm in Fig. 2.8. 
A theoretical study has further shown that both structures are equally possible for K 2 CuF 4 with virtually 
the same lattice energy [95N2]. The different Jahn-Teller ordering in the two domains Acam and Bbcm 
will be discussed in the next paragraph for Rb 2 CrCl 4 instead of K 2 CuF 4 . 

Rb 2 CrCl 4 is a second compound with orbital ordering, collective Jahn-Teller effect and with 
ferromagnetic coupling of the Cr 2+ -ions. Its room temperature structure with the space group Bbcm (No. 
64) is shown in Fig. 2.9, also with the change of the coordinate system from ( x 0 ,y 0 ,z 0 ) to ( x,y,z ) due to 
the symmetry reduction. In complete analogy to the antiferromagnetic ordering of A 2 MX 4 (cf. Fig. 2.2), 
there are two crystallographic domains (Bbcm and Acam) [83 J1 , 86D1] depending on the 
antiferrodistortive order of the CrClg octahedra in the plane z = | as illustrated in Fig. 2.10. There is no 

difference of this order in the plane z= 0 between the two domains but there is one in the plane z = T . In 

Fig. 2.10, the Jahn-Teller distortion is shown for the two planes, also in an exaggerated way. In the 
magnetically ordered state, Rb 2 CrCl 4 is a slightly canted easy-plane ferromagnet. If the crystallographic 
domain is Acam and the magnetization parallel to the x-axis, we obtain for the magnetic space group of 
Rb 2 CrCl 4 A2i/cll + 9 x (Acam - A2,/c 11) [87A3] or Aca'm', a type III Shubnikov group [69C2], where 
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the primed symmetry operations have to be combined with 0, the operation of time inversion. In case of 
the second crystallographic domain Bbcm, assuming the magnetization parallel to the y-axis, we obtain 
B12j/cl + 9 x (Bbcm - B12/C1) or Bb'cm' for the magnetic space group. The orbital ordering and the 
collective Jahn-Teller effect have not only been observed in K 2 CuF 4 and Rb 2 CrCl 4 but also in Cu- 
compounds of the type (C n H 2n+1 NH 3 ) 2 CuCl 4 [89J, 90D1] and [NH 3 (CH 2 ) n NH 3 ]CuCl 4 [76P1, 78T1, 
90G1] and in Cr-compounds like (C n H 2n+1 NH 3 ) 2 CrCl 4 [78B1, 82S1] and (C 6 H 5 CH 2 NH 3 ) 2 CrX 4 (X = C1, 
Br) [86B1, 87B1]. A similar elongation of the octahedra is found in corresponding Pd-compounds [76B3, 
77W2]. Their structures can be interpreted either as containing square planar PdCl 4 units or as a two- 
dimensional network of distorted corner-sharing PdCl 6 octahedra [78S3] in complete analogy to the 
above mentioned Cu- and Cr-compounds. 


9.12.2.1.4 Structures resulting from Structural Phase Transitions 

As already mentioned in the introduction, the compounds (C n H 2n+1 NH 3 ) 2 MX 4 with hydrocarbon chains 
undergo a number of structural phase transitions. These result from the order or disorder of the alkyl- 
ammonium groups (C n H 2n+1 NH 3 ) + . Fig. 2.11 shows as an example three structural phases of 
(CH 3 NH 3 ) 2 MnCl 4 with the shortest possible hydrocarbon chain (n = 1). The phases are the tetragonal high 
temperature phase (THT), the orthorhombic room temperature phase (ORT) and the tetragonal low 
temperature phase (TLT). Here in the text and in Tables 2 and 3, the notation for the structural phases is 
that usually used in the literature. Of course, terms like "low temperature" and "high temperature" are 
relative and make sense only in context with the phase transition sequence of the compound under 
consideration and the transition temperatures which will be discussed below. For compounds with a large 
number of phase transitions like (C 3 H 7 NH 3 ) 2 MC1 4 with M = Mn, Cu and Cd, the various phases are 
labelled with lower case greek letters a, (3, y etc. in accordance with the literature. For the THT-phase of 
(CH 3 NH 3 ) 2 MnCl 4 with structure I4/mmm, it is obvious that the (CH 3 NH 3 ) molecules do not fit into the 
tetragonal lattice. A structure refinement succeeds only when a disorder is assumed for these molecules 
[75H1]. For all particles which cannot be located on a site with fourfold symmetry, we have to choose 
four or eight equivalent positions with occupation probability 0.25 or 0.125, respectively. That means, for 
example, that the three H-atoms of the CH 3 group are distributed on 12 equivalent positions around the 
fourfold axis with an occupation probability of 0.25. In Fig. 2.11, the H-atoms are therefore depicted as 
rings for demonstrating this disorder in the THT-phase. In the ORT-phase with structure Abma, the 
(CH 3 NH 3 ) groups are no longer disordered. Fig. 2.11 shows them with the C- and the N-atoms and one 
H-atom of CH 3 and NH 3 on sites with mirror plane symmetry while the two other H-atoms of these 
groups are arranged symmetrically to this plane. This order of the (CH 3 NH 3 ) groups is accompanied by a 
tilting of the MnCl 6 octahedra around the y-axis so that the whole structure Abma means a x-orientation 
of the particles. This tilting is connected with the hydrogen-bonding between the NH 3 groups and the 
MnClf, octahedra which will be discussed in context with the phase transitions in more detail below. The 
other possible crystallographic domain Bmab is obtained by an interchange of the x- and y-axes and 
means a y-orientation of the particles. In the TLT-phase with structure P4 2 /ncm (cf. Fig. 2.11), this 
orientation is along the (1,1,0) and (1,1,0) directions in the (x,y,z)-system. There is no second 
crystallographic or twin domain for P4 2 /ncm. But two antiphase domains have been distinguished in this 
structure in context with model considerations for the structural phase transitions [77K1, 83M2]. These 
two are denoted (+)-domain and (-)-domain. They belong to the same space group P4 2 /ncm but differ in 
the origin by a vector (0,4-, 4-). For the definition of antiphase domains in contrast to twin or 

crystallogaphic domains, the reader is referred to the literature [76W2]. For the monoclinic low 
temperature phase (MLT) of (CH 3 NH 3 ) 2 MnCl 4 , there are again two twin domains, namely A2 3 /b 11 and 
B12i/al or, equivalently, A2 1 /cll and B12i/cl. These non-standard settings with A- or B-centering are 
used in order to have nearly the same values of the lattice parameters as in the three other phases and the 
monoclinic angle aor /J with values close to 90°. But in the monoclinic system, a number of alternative 
descriptions of the same structure can be chosen, e.g. P2 3 /b 11 and P^/al in this case. Examples of such 
alternatives are listed in Table 2. Neutron diffraction data of (CH 3 NH 3 ) 2 MnCl 4 in the MLT-phase offer 
the opportunity to identify the signatures of the two domains [90A1]. Fig. 2.12a presents a (1, 0, l)-scan 
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with the peaks of various Bragg reflections. The data taken at 5.5 K (T< T N ) and at 77 K (T> T N ) allow 
further to distinguish between nuclear and magnetic reflections. These data can be explained by means of 
Fig. 2.12b where the (c*, «*)-plane of the reciprocal lattice is shown with the points for the nuclear and 
magnetic Bragg reflections. For a better understanding of Fig. 2.12b, let us recall that the lattice and the 
reprocal lattice of domain 1 (A2j/bl 1) are given by 

a = (a, 0 , 0 ) b = ( 0 , b, 0 ) c = ( 0 , c cos a, c sina) 

( 2 . 11 ) 

«* = (^,0,0) ** = (0, ctga) c* = (0,0 >7 ^) 


with a = 0.725 nm, b = 0.707 ran, c= 1.900 ran, and a=92.5° ([90A1], cf. Table 2). For domain 2 
(B 12 i/al), the corresponding data are 


a = (a, 0 , 0 ) b = ( 0 , b, 0 ) 

a* = (^,0,-^ctg/3) 6* = (0, f,0) 


c = (c cos/), 0 , c sin/3) 
c* = ( 0 , 0 , - 2 l) 

v 5 5 c sin p / 


( 2 . 12 ) 


with a = 0.707 nm, b = 0.725 nm, c= 1.900 nm, and /3 = 92.5°. At first, Eq. 2.11 and 2.12 illustrate in 
detail, as already mentioned before, that the two domains are related to each other by an interchange of 
the x- and y-axes or the a- and b- axes. Secondly, the «*-axis of domain 1 is perpendicular to the c*-axis 
while the a*-axis of domain 2 subtends an angle of 92.5° (monoclinic angle /3) with the c*-axis. Since 
there are two ways of deriving the monoclinic structure from the higher temperature structures, we 
observe a monoclinic splitting, i.e. two a*-axes for domain 2 in Fig. 2.12b. This splitting can be used to 
identify the two domains in the (1,0, l)-scan (cf. Fig. 2.12a) where the reflections with even values of 1 
refer to domain 1 (a*-axis X c*-axis) and the reflections with odd values of 1 show the monoclinic 
splitting as expected for domain 2. In this way, the experimental data provide an evidence for the two 
domains. 

The structures of the compounds (C n Fl 2 n+] NI-l 3 ) 2 MX 4 with organic A + -ions are usually of the 
staggered type as shown in detail for the examples of such structures in the preceding paragraph and in 
Fig. 2.11. The perovskite-type layer in the plane z = ^ is shifted by ( j, 0, 0 ) or by (0, -y, 0 ) with respect 

to the neighbouring layers in the planes z = 0 and z = 1. The diammonium compounds with 
A 2 = NH 3 (CH 2 ) n NH 3 , on the other hand, are of the eclipsed type without such a shift as shown 
schematically in Fig. 2.13. In both cases, the NH 3 groups are coupled to the perovskite-type layers by 
hydrogen-bonds. In the diammonium compounds, the chains are thus coupling neighbouring layers as 
shown in Fig. 2.13 to the right. In the monoammonium compounds, the hydrocarbon chains provide not 
such a direct coupling. The CH 3 end groups can only mediate a van-der-Waals coupling between the 
layers, in addition to long-range Coulomb forces resulting from the ionic character of the octahedral 
network and from the polar NH 3 groups. Especially in compounds with shorter chains, the Coulomb 
forces play probably an important role in the binding of these crystals. The differences of the two types of 
structures are illustrated in more detail in Fig. 2.14 by a comparison of the room temperature structures of 
(CH 3 NH 3 ) 2 MnCl 4 (ORT-phase Abma) and of [NH 3 (CH 2 ) 2 NH 3 ]MnCl 4 (P12j/al). For an easier 
comparison, two unit cells of the monoclinic eclipsed structure are shown which can be thought to be 
derived from the other one (cf. Fig. 2.14) by removing the staggering of the layers and by bonding two 
(CH 3 NH 3 ) groups together at their CH 3 ends to NH 3 (CH 2 ) 2 NH 3 where two H-atoms become superfluous. 
In the monoclinic structure [78T1] of [NH 3 (CH 2 ) 2 NH 3 ]MnCl 4 , there is no disorder of the organic 
molecules. The MnCl 6 octahedra are tilted and also slightly deformed which gives rise to two slightly 
different values of the in-plane Mn-Cl bond length r; p (0.2556 and 0.2578 nm, cf. Table 3). This 
difference is smaller than that resulting from the collective Jahn-Teller effect in Cu-compounds and is 
merely the result of the low crystal symmetry. The out-of-plane value is r op = 0.2488 nm. In the 
monoclinic structure, it is further difficult to identify an orientation of the particles as was done in the 
ORT- and TLT-phases of (CH 3 NH 3 ) 2 MnCl 4 (cf. Figs. 2.11 and 2.14). 


Landolt-Bornstein 
New Series III/27J3 





Ref. p. 148] 


9.12.2.1 Structures 


51 


Let us now turn to the compounds (C n Fl 2n+1 NF[ 3 ) 2 MX 4 with long hydrocarbon chains (n>5). As 
already pointed out, the interlayer separation d increases with the number n of carbon atoms, i.e. with the 
length of the chain. This increase is almost linear as shown in Fig. 2.15 for the example 
(C n H 2n+1 NH 3 ) 2 MnCl 4 with n = 1 - 17. The sice of the two-dimensional network of corner-sharing MnCl 6 
octahedra is practically independent of n as demonstrated in Fig. 2.15 where the in-plane Mn-Cl bond 
length n p or its average value (n v ) is shown versus n. For short chains (n<5), the structural phase 
transitions are dominated by the hydrogen bonding to the perovskite-type layers. As the chains become 
longer the phase transitions of the compounds are more and more due to conformational changes within 
the n-alkyl-ammonium chains. The conformation of a chain results from trans or gauche configurations at 
the different C-atoms. These configurations are sketched in Fig. 2.16. In the socalled low temperature 
(LT) phase which is usually observed at room temperature, the chains form an ordered arrangement in an 
all-trans configuration except for the first or second C-atom at the polar NH 3 head where gauche bonds 
provide a better adaption of the chain for the H-bonding to the MX 6 octahedral network. For long chain 
compounds, only a few complete structure determinations have been performed, e.g. for 
(C 10 H 21 NH 3 ) 2 CdCl 4 (structure: P12/nl [79K1]) and (C 14 H 29 NH 3 ) 2 CdCl 4 (structure: Pi [88S1]). For the 
discussion of more details of the long chain compounds, we introduce abbreviations, namely C n MX for 
(C n H 2n+1 NH 3 ) 2 MX 4 . The ordered arrangement of the chains at room temperature is shown for Ci 0 CdCl 
and C 14 CdCl as a projection of the structure to the (b,c )-plane in Fig. 2.17. The chains with nearly 
alltrans configuration are arranged parallel. They subtend an angle of nearly 45° with the 6-axis. This 
inclination of the chains is achieved by the gauche bond near the NH 3 group as shown in Fig. 2.17. In 
C 10 CdCl, there are two inequivalent hydrocarbon chains [79K1], the A-chains with the gauche bond 
between the first and the second C-atom and the B-chains with it between the second and the third C- 
atom. In C 10 MnCl, on the other hand, only the B-chains are found [76C1]. A major difference between 
the structures for C^CdCl and C 14 CdCl is that the center of inversion is at the Cd site in the CdCl 6 layer 
in C 14 CdCl and in the van-der-Waals bonding layer between the CH 3 groups in Ci 0 CdCl. The space made 
available for the chains by the layers with tightly fixed distances is not wide enough to allow an 
intercalation of the chains which would reduce the interlayer separation d considerably (2.580 nm and 
3.2484 nm in C 10 CdCl and Ci 4 CdCl, resp., cf. Table 3). Such an intercalation, however, is possible in 
compounds without a tight two-dimensional network of MX 6 octahedra but with isolated MX 4 tetrahedra 
as found in Zn- and Co-compounds. As an example, the intercalated ordered arrangement of the chains in 
(C 1 3 H 27 NH 3 ) 2 ZnCl 4 is also presented in Fig. 2.17 (structure at room temperature: P12jl [85Z 1 ]). The 
distances between the isolated tetrahedra are large enough that there is sufficient space for the 
intercalation of the chains in C^ZnCl where d is reduced to 2.20 nm [85Z1]. 

For the ordered low-temperature phases (LT, T near 295 K) of the long-chain compounds, it is useful 
to define the quantity (Ad) per An = 1, i.e. per additional CH 2 group, because of the linear increase of the 
interlayer distance with n (cf. Fig. 2.17). The experimental values of (Ad) are for (C n H 2n+1 NH 3 ) 2 MCl 4 
compounds 

M: Mn Cu Cd Co Zn 

(Ad) [nm]: 0.169 0.162 0.176 0.118 0.125 

These values for the LT-phases have been determined from the data in Table 3 (Mn-, Cu-, and Cd- 
compounds) where also the references are found and from the literature (Co- and Zn-compounds) [77L1]. 
The above experimental data may be compared to a theoretical estimate for the ordered chains [79B1] 

(Ad) > fsin(0/2) = 0.128 nm (2.13) 

of the structures with isolated MX 4 tetrahedra and with the chains oriented perpendicular to the layers of 
tetrahedra. In Eq. 2.13, [= 0.154 nm is the C-C bond length and <2> = 112° the C-C-C bond angle in the 
hydrocarbon chains. If the chains are inclined with respect to the layer normal as, for example, in C 13 ZnCl 
(cf. Fig. 2.17) by a~ 20°, (Ad) is reduced by a factor cos a~ 0.94 which explains the experimental values 
of (Ad) for Co- and Zn-compounds. For structures with an octahedral network (Mn-, Cu-, and Cd- 
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compounds) and with non-intercalated chains oriented at an angle a ~ 45° with respect to the layer 
normal [79K1, 88S1], the theoretical estimate is for a~ 45° [79B1, 81V] 

(Ad) >2 fsin(0/2) cosa = 0.181 nm (2.14) 

in reasonable agreement with the experimental data for the ordered LT-phases of the Mn-, Cu-, and Cd- 
compounds. In the high temperature phase (HT, near 370 K) of the long-chain compounds, the MX 6 
octahedra still form a solid 2-dimensional network, but the chains are more in a liquid-like state with a 
high degree of dynamical disorder. The chains are found almost perpendicular to the layers. The 
consequence is a drastic increase of the interlayer separation d by nearly 10%, e.g. from 2.938 mil at 
293 K to 3.216 nm at 360 K in C^CdCl [85C1]. In many compounds, there are several phase transitions 
and intermediate phases between the LT- and the HT-phase. 


9.12.2.1.5 Mixed Crystals 

Perovskite-type layers with an octahedral network exist only in compounds with chains CH 3 -(CH 2 ) n -NH 3 
or NH 3 -(CH 2 ) n -NH 3 and with special organic molecules like C 6 H 5 -(CH-,) n -NH 3 [76D2, 86B1, 87B1, 
90W1, 92Z2], CH 2 OH-CH 2 -NH 3 [87L1], COOH-(CH 2 ) 2 -NH 3 [81W2,~83W2] and with C 5 N 2 H 8 = 
3-ammoniumpyridinium instead of a diammonium chain [88Wl]. But if, for example, an 
isopropylammonium group (CH 3 ) 2 -CH-NH 3 replaces the n-propylammonium group, a structure results in 
[(CH 3 ) 2 CHNH 3 ] 2 CuCl 4 which has isolated CuCl 4 units of distorted tetrahedral symmetry [81B2] and 
which is no longer a perovskite-type layer structure. The same is true for compounds like 
[(CH 3 ) 4 N] 2 NiCl 4 [67W1] and [(C 2 H 5 ) 4 N] 2 NiCl 4 [67S1] with tetramethylammonium and tetraethyl- 
ammonium groups which form not chains but tetrahedral molecules. That means perovskite-type layer 
structures exist only with organic molecules which need sufficiently narrow space that the two- 
dimensional octahedral network is not broken up. As already mentioned in the introduction, there are also 
A 2 MX 4 compounds with inorganic A + -ions like Rb 2 ZnCl 4 which crystallize in the (3-K 2 S0 4 structure and 
form isolated MX 4 tetrahedra instead of layers with corner-sharing octahedra. Beznosikov and 
Aleksandrov [85B2] have performed a crystal-chemical analysis for halide A 2 MX 4 compounds. Their 
analysis yields conditions for the ionic radii of the ions which limit the range of existence of a certain type 
of structure (see also [79G7]). For the K 2 NiF 4 structure, these conditions are 


> 0.73 R x 0.41 R x < R$ < 0.73 R x 
R^ < 0.48 R ( A + 0.11 


(2.15) 


where R A , R M and R x are the ionic radii of the A-, M-, and X-ions, respectively. The superscripts denote 
the coordination number of the ions (cf. the tables for ionic radii [70S2, 76S1 ]). The corresponding 
conditions for (3-K 2 S0 4 are 

R ( ^ 0) > 0.73 R x 0.225 R x < R ( ^ <0.41 R x (2.16) 

On the basis of these conditions, it is not only possible to explain why a particular compound crystallizes 
in the K 2 NiF 4 or in the (3-K 2 S0 4 structure but also to predict compounds with these or other structures 
which have not yet been observed experimentally. 

Within the A 2 MX 4 family of perovskite-type layer structures, there are three types of mixed crystals 
or solid solutions according to the number of different ions in these compounds, namely A X A 2 x MX 4 , 

A 2 MX x X 4 _ x and A 2 M x M 1 _ x X 4 . An example of the first type is Rb x K 2 . x MnF 4 with the K 2 NiF 4 
structure (14/mmm) for all values of x. In this system, Rb + has a larger ionic radius than K + by about 7% 
[69S1, 76S1] and the results of x-ray diffraction studies show an increase of the lattice parameters a and c 
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with the concentration x, a increases linearly with x while c deviates slightly from a linear function of x 
[64C1], cf. Table 2. For the second type of mixed crystals, the ionic radii increase from Cl to Br and to 
I - by 9% and 13%, resp., [69S1, 76S1]. While the A + -ions occupy sites between the layers in the K 2 NiF 4 
structure (cf. Fig. 2.1), the X~-ions are an essential part of the layers of MX 6 octahedra. They occupy two 
crystallographically inequivalent sites, the "in-plane" sites between two M 2+ -ions within the layers and 
the "out-of-plane" sites (cf. the discussion in context with Eqs. 2.1 and 2.2). Generally, the ions in the 
mixed crystals will be arranged in such a way that the distortions are minimized which are caused by 
replacing some of the X -ions by X“ -ions. Rb 2 MgCl 4 ^ x Br x with x = 0, 1, 2 is an example of this type (all 
members with K 2 NiF 4 structure). This system has been studied by doping the samples with less than 1% 
Mn 2+ and by performing EPR measurements [73 Wl]. The result of this investigation revealed for x = 0, 
as expected, O h -symmetry around the Mn 2+ -ion (MnClg octahedra). For x = 2, i.e. for Rb 2 MgCl 2 Br 2 , the 
Mn 2+ -dopant has D 4h -symmetry indicating the formation of MnCl 4 Br 2 octahedra. This can be explained 
by assuming that the Br -ions with the larger ionic radius occupy preferably the out-of-plane sites. And 
for x = 1 (RbiMgC^Br), both symmetries were found and thus a mixture of the two types of octahedra. 
There was no evidence for MnCl 5 Br octahedra. Such an ordering of the X“-ions was also concluded for a 
number of similar mixed crystal systems, namely for Rb 2 YInCI 4 x X x , (NH 4 ) 2 MnCl 4 _ x X x with X = Br, 1 
and of Cs 2 MnCl 4 x Br x [74W1]. Structural investigations of these systems have shown that the relative 
changes of the lattice parameter c is considerably larger than that of the lattice parameter a. For c, the 
increase is about 10% for Rb 2 MnCl 2 l 2 and (NH 4 ) 2 MnCl 2 I 2 in comparison to Rb 2 MnCl 4 and 
(NH 4 ) 2 MnCl 4 , respectively. The corresponding increase of a is only 1-2% (cf. Table 2). For mixed 
crystals of this type with the Jahn-Teller ions Cr 2+ and Cu 2+ , the collective Jahn-Teller effect and the 
orbital ordering have to be taken into account, in addition to the ordering of the X -ions which was also 
reported for systems of this type like Rb 2 CrCI 4 x X x with X = Br, I [83W1, 85F1], Rb 2 CuCl 4 _ x Br x [74W2] 
and (CFl 3 NFl 3 ) 2 CuCl 4 x Br x [79K2, 83S1 ]. For Rb 2 CrCI 4 _ x X x and Rb 2 CuCl 4 _ x Br x , structure refinements in 
Bbcm (cf. Table 2) revealed in increase of the out-of-plane Cr-X bond length r op (cf. Table 3) 
corresponding to an ordering of the Br - and I -ions. For Rb 2 CrCl 4 _ x X x , r op increases from 0.241 nm in 
Rb 2 CrCl 4 to 0.257 nm in Rb 2 CrCl 2 Br 2 and to 0.277 nm in Rb 2 CrCl 2 I 2 (cf. Table 3). The smaller value of 
n p is nearly independent of the concentration x while the larger value increases with x according to the 
increase of a and b. A special structure investigation was performed for (CH 3 NFl 3 ) 2 CuCl 2 Br 2 . In the fit 
for the refinement in Acam, the occupation of the in-plane and out-of-plane sites by CE or Br was varied 
as new parameters [91W1] with the result that the in-plane sites are occupied by Cl with a probability of 
p = 0.88 and by Br with p = 0.12, and the out-of-plane sites by Cf with p = 0.24 and by Br with 
p = 0.76. These results demonstrate in a rather convincing way the preferable occupation of the out-of¬ 
plane sites by the X~-ions with the larger ionic radius. 

In the third type of mixed crystals, the M-ion in the center of the octrahedra (cf. Fig. 2.1) is partly 
replaced by a different M -ion. With respect to their magnetic properties, these mixed crystals are most 
interesting because they are magnetic dilutions if one partner is a diamagnetic ion and magnetic mixtures 
with competing interactions if both partners are paramagnetic ions. One example of such a dilution is 
K 2 Ni x Znj_ x F 4 [79K2, 81R1]. According to structure investigations, the samples have the K 2 NiF 4 structure 
for all values of x and both lattice parameters a and c decrease linearly from K 2 ZnF 4 to K 2 NiF 4 (cf. 
Table 2) since Ni 2+ has a slightly smaller ionic radius than Zn 2+ [69S1, 70S2, 76S1]. In the systems 
Rb 2 Co x Mgi_ x F 4 [80C1] and Rb 2 Mn x Cdi_ x Cl 4 [82P1], the ionic radii of the M-ions and M -ions are almost 
equal and the variation of the lattice parameters with the concentration x is rather small for c and a little 
larger for a. In the system K 2 Cu x Zn, xF4> the end members K 2 CuF 4 and K 2 ZnF 4 have different crystal 
structures. The structure of K 2 ZnF 4 is the usual K 2 NiF 4 structure 14/mmm. For K 2 CuF 4 with collective 
Jahn-Teller effect and orbital ordering, there are two equivalent structures, namely 14c2 [74H1 , 81H1 , 
81R1] and Acam or Bbcm [79F11, 83FU], depending on the orbital order in different layers (cf. Fig. 2.8 
and [95N2]). An interesting problem is how far the collective deformation of the octahedra extends with 
decreasing Cu 2+ -concentration x towards K 2 ZnF 4 . Because of the different structures of the two end 
members, it is useful to describe the mixed system K 2 Cu x Zn] X F 4 and their crystallographic data (cf. Fig. 
2.18) uniquely in the (x, y, z) coordinate system and thus K 2 ZnF 4 in the unusual setting F4/mmm (cf. Fig. 
2.1). Structure refinements of these mixed crystals [79K2, 81R1, 83H1, 86H1] have revealed that the 
variation of the lattice parameters with the Cu 2+ -concentration x is rather drastic in the range 
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0.4 < x < 1 where a ~ b decreases while c increases as shown in Fig. 2.18. In the range 0 < x < 0.4, on the 
other hand, the change of the lattice parameters with x is considerably smaller. This behaviour is ascribed 
to the collective orbital ordering and its variation with the Cu 2+ -concentration x and the conclusion is that 
this collective order persists down to x ~ 0.4. In addition, it was observed [83H1] that the superreflections 
corresponding to Acam and Bbcm are spot-like in the range 0.9<x<l and rod-like in the range 
0.6<x<0.85. This means that for x>0.9 the elongation of the CuF 6 octahedra is three-dimensionally 
correlated (structure: Acam or Bbcm) but correlated only two-dimensionally for 0.6 <x< 0.85, i.e. 
uncorrelated along the c-axis. Similar results have been obtained for the system Rb 2 Mn x Cri_ x Cl 4 where 
RbjCrCL} exhibits the collective Jahn-Teller effect and orbital ordering while Rb 2 MnCl 4 has the structure 
I4/mmm in its paramagnetic state. Weak superreflections have been observed for x = 0.01, 0.08, 0.13, and 
0.31 [80M3, 81M1], and, by means of these diffraction data, the displacement has been evaluated for the 
Cl -ions from their symmetric position between two M 2+ -ions (deformation of the octahedra). From EPR 
measurements [79K2, 83Yl, 83 Y2] and from the study of phonons by Raman scattering in the mixed 
system K 2 Cu x Zn] X F 4 [83N1, 85N, 89T4, 91F1], also information can be obtained about the collective 
orbital ordering and its variation with concentration x. For the phonon measurements, a group theoretical 
analysis yields that a number of lattice modes is Raman active in both structures I4/mmm and Acam or 
Bbcm. But other modes are Raman active only in the structure with the lower symmetry (Acam or Bbcm). 
In the mixed crystals, these latter modes are observed in the Raman spectra over the range 1 > x > 0.4 
[83N1, 85N, 9IF 1 ], and these results thus indicate that the collective orbital ordering extends down to x = 
0.4. The disappearance of these Raman lines near x » 0.4 has been discussed in connection with the 
percolation problem on a square lattice [85N] since the collective Jahn-Teller effect and the ordering will 
disappear at the percolation limit like other collective phenomena. From the experimental results, it was 
further concluded that not only neares neighbour interactions but also those of next nearest neighbours are 
involved in this process since on a square lattice the critical percolation probability is x p = 0.59 for only 
nearest neighbour interaction and x p = 0.41 for interactions including first and second neighbours [64S2, 
66D1]. And for x<0.41, there will still be elongated octahedra due to the Jahn-Teller effect but a 
collective order is no longer possible. Results similar to those for K 2 Cu x Zn] X F 4 have been obtained for 
the system Rb 2 Cu x Zn^ x F 4 [79K2, 81R1]. 


9.12.2.2 Structural Phase Transitions 


9.12.2.2.1 Experimental Investigations 

All available information about the structural phase transitions of halide perovskite layer structures is 
compiled in Table 4. The most important and instructive information is the diagram of the sequence of 
phase transitions with the different structures and with the character of the transition, e.g. a continuous, a 
discontinuous, a reentrant or a lock-in transition. Further, Table 4 presents the values of the transition 
temperatures T'cn and of the thermodynamic parameters connected with the phase transition, namely the 
transition enthalpy A H n and the transition entropy A.S' n where n refers to the n-th phase transition. Of 
course, the subscript "n" is missing if there is only one structural phase transition for a particular 
compound. Finally, a complete survey is given in Table 4 about the experimental methods which have 
been used to study the phase transition (see "struct, pt's studied by:", i.e. "structural phase transitions 
studied by:" in Table 4). There is a great variety of experimental techniques which have been employed 
for the investigation of structural phase transitions: 

a) thermal methods (differential scanning or adiabatic calorimetry) 

b) diffraction experiments (x-ray or neutron elastic scattering) 

c) optical methods like polarizing microscopy etc. and linear birefringence 

d) infrared spectroscopy and Raman scattering 

e) elastic constants by sound velocity measurements or by Brillouin scattering 

f) nuclear magnetic resonance (NMR) or nuclear quadrupole resonance (NQR), 
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0.4 < x < 1 where a ~ b decreases while c increases as shown in Fig. 2.18. in the range 0 < x < 0.4, on the 
other hand, the change of the lattice parameters with x is considerably smaller. This behaviour is ascribed 
to the collective orbital ordering and its variation with the Cu 2+ -concentration x and the conclusion is that 
this collective order persists down to x = 0.4. in addition, it was observed [83H1] that the superreflections 
corresponding to Acam and Bbcm are spot-like in the range 0.9 < x < 1 and rod-like in the range 
0.6<x<0.85. This means that for x>0.9 the elongation of the CuF 6 octahedra is three-dimensionally 
correlated (structure: Acam or Bbcm) but correlated only two-dimensionally for 0.6 <x< 0.85, i.e. 
uncorrelated along the c-axis. Similar results have been obtained for the system Rb 2 Mn x Cr 1 _ x Cl 4 where 
Rb 2 CrCl 4 exhibits the collective Jahn-Teller effect and orbital ordering while Rb 2 MnCl 4 has the structure 
14/rnmm in its paramagnetic state. Weak superreflections have been observed for x = 0.01, 0.08, 0.13, and 
0.31 [80M3, 81M1], and, by means of these diffraction data, the displacement has been evaluated for the 
CF-ions from their symmetric position between two M 2+ -k>ns (deformation of the octahedra). From EPR 
measurements [79K2, 83Yl, 83 Y2] and from the study of phonons by Raman scattering in the mixed 
system K 2 Cu x Zn! X F 4 [83N1, 85N, 89T4, 9IF 1 ], also information can be obtained about the collective 
orbital ordering and its variation with concentration x. For the phonon measurements, a group theoretical 
analysis yields that a number of lattice modes is Raman active in both structures 14/mmm and Acam or 
Bbcm. But other modes are Raman active only in the structure with the lower symmetry (Acam or Bbcm). 
In the mixed crystals, these latter modes are observed in the Raman spectra over the range 1 >x>0.4 
[83N1, 85N, 91F1], and these results thus indicate that the collective orbital ordering extends down to x = 
0.4. The disappearance of these Raman lines near x ~ 0.4 has been discussed in connection with the 
percolation problem on a square lattice [85N] since the collective Jahn-Teller effect and the ordering will 
disappear at the percolation limit like other collective phenomena. From the experimental results, it was 
further concluded that not only neares neighbour interactions but also those of next nearest neighbours are 
involved in this process since on a square lattice the critical percolation probability is x p = 0.59 for only 
nearest neighbour interaction and x p = 0.41 for interactions including first and second neighbours [64S2, 
66D1]. And for x<0.41, there will still be elongated octahedra due to the Jahn-Teller effect but a 
collective order is no longer possible. Results similar to those for K 2 Cu x Zn[_ x F 4 have been obtained for 
the system Rb 2 Cu x Zn[_ x F 4 [79K2, 81R1]. 


9.12.2.2 Structural Phase Transitions 


9.12.2.2.1 Experimental Investigations 

All available information about the structural phase transitions of halide perovskite layer structures is 
compiled in Table 4. The most important and instructive information is the diagram of the sequence of 
phase transitions with the different structures and with the character of the transition, e.g. a continuous, a 
discontinuous, a reentrant or a lock-in transition. Further, Table 4 presents the values of the transition 
temperatures ^Cn and of the thermodynamic parameters connected with the phase transition, namely the 
transition enthalpy A H n and the transition entropy AS n where n refers to the n-th phase transition. Of 
course, the subscript "n" is missing if there is only one structural phase transition for a particular 
compound. Finally, a complete survey is given in Table 4 about the experimental methods which have 
been used to study the phase transition (see "struct, pt's studied by:", i.e. "structural phase transitions 
studied by:" in Table 4). There is a great variety of experimental techniques which have been employed 
for the investigation of structural phase transitions: 

a) thermal methods (differential scanning or adiabatic calorimetry) 

b) diffraction experiments (x-ray or neutron elastic scattering) 

c) optical methods like polarizing microscopy etc. and linear birefringence 

d) infrared spectroscopy and Raman scattering 

e) elastic constants by sound velocity measurements or by Brillouin scattering 

f) nuclear magnetic resonance (NMR) or nuclear quadrupole resonance (NQR), 
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and many other techniques which cannot all be listed here. In Table 4, the information about phase 
transitions has been limited to the most important data like sequence of the phase transitions and the 
thermodynamical quantities. Not all of the numerous experimental results can be compiled there which 
have been obtained with the various techniques. Instead of aiming for completeness only some examples 
of such results will be presented in the following paragraphs. 

The thermal measurements are performed either with a differential scanning calorimeter, very often 
with a commercial one like a Perkin-Elmer DSC-2 or DSC-4, or with an adiabatic calorimeter. For a 
review on these techniques, see [79G1]. A critical comparison of both methods with respect to structural 
phase transitions in solids was published by M.A. White [84W1]. As an example served the compound 
(C 18 H 3 7 NH 3 ) 2 CdCl 4 which undergoes four structural phase transitions in the narrow temperature range 
349 K-366 K. These were found to be fully resolved by adiabatic calorimetry and could well be 
characterized while the results were not so satisfactory for the other method. For (C^FRgNF^^CdCLt with 
also four structural phase transitions in the even narrower range 341 K-351 K, two data sets obtained 
with differential scanning calorimetry [84N, 88S1] are presented in Table 4. The comparison shows that 
not all of these transitions are well resolved. An essential result of such thermal studies is the specific heat 
C p (at constant pressure) as a function of temperature T. As an example, C p (7) of (CF^NF^^MnCLi is 
shown in Fig. 2.19 for the range 4 K<T<410K [78S2, 79S4]. For T < 100 K, the experimental data 
(open circles in Fig. 2.19) have been obtained with adiabatic calorimetry [79G1] and those for T> 100 K 
with the differential scanning method. 

The ordinary specific heat is due to the lattice vibrations and superimposed on this ordinary part are 
anomalies of the specific heat due to the structural phase transitions. In Fig. 2.19, the structural phases of 
(CF^NF^MnCLt are indicated by abbreviations THT etc. as introduced in Sect. 2.1.4 and Table 4. In the 
temperature range 10K<T<295 K, the specific heat of (CF^NF^^MnCl.^ has also been measured by 
White et al. [82W2]. Their data agree with those in Fig. 2.19 within the limits of experimental error. 
Solely the anomalies were also measured at the phase transitions near 257 K [77T1] and near 394 K 
[75B1], resp., shown as full circles in Fig. 2.19. These data represent well the anomalies but the ordinary 
part is considerably lower than the complete data in Fig. 2.19 and also than those of White et al. [82W2]. 
Finally, the ordinary specific heat is compared to the results of a model calculation, namely a lattice 
dynamical rigid ion model for (CF^NFyjMnCl.! treating the (CHiNHd -ions as rigid bodies with 
rotational and torsional degrees of freedom [79G4, 79S4]. The model parameters were determined from 
phonon frequencies obtained by infrared [75L2, 75L3, 78A1] and Raman spectroscopy [74S2, 77C4] and 
by inelastic neutron scattering from a deuterated sample (CD 3 ND 3 ) 2 MnCl 4 [78L1, 79G4]. The values of 
the parameters are listed as model no. 5 in [79G4]. By means of this model, the phonon frequencies of all 
the branches are calculated for N points in the Brillouin zone and from these the specific heat according 
to 


Cphonon = ^ ho \^ [exp (Tuo q il / k B T) - 1] 1 (2.17) 

q q 

where the sum "q" extents over the N points in the Brillouin zone and the sum "p" over all phonon 
branches. In this model calculation, the phonon frequencies ft) q ,p (wavevector q and branch (J.) are 
assumed temperature-independent. The internal modes of (CF^NH,) 4 ^ and + [NH 3 (CH 2 ) 2 NH 3 ] + were 
studied by Oxton and Knop [770, 7802]. For the calculation of Cphonon of (CF^NF^^MnCF, (Eq. 2.17), 
these are included as additional Einstein-terms. The calculated data (full line in Fig. 2.19) agree 
satisfactorily with the experimental data in view of the fact that the parameters are determined 
independently with no one fitted to the specific heat. The data calculated without the internal modes of 
(CH,NH 3 ) + (broken line in Fig. 2.19) approach above 200 K their Dulong-Petit value while the internal 
modes cause a further increase of Cphonon in the range 200^100 K because of their high frequencies. 

With respect to the structural phase transitions, the specific heat anomalies are presented on an 
enlarged scale in Fig. 2.20 for the transitions at 94 K [78S2, 79S4], 257 K [77T1] and 394 K [75B1], 
Especially the C p ( T) curve for the transition near 94 K shows a narrow A-like anomaly with an extremely 
high peak. The other two anomalies near 257 K and 394 K are much broader and the peaks by far not so 
high. These specific heat anomalies reveal characteristic data of the underlying phase transition. The 
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temperature at which the peak occurs is the phase transition temperature T c . The extra specific heat due to 
the phase transition C p (7) trans is given by the difference of the measured C p (7) and the lattice part of the 
specific heat indicated by the broken lines in Fig. 2.20. This C p (7) trans contributes to the change in 
enthalpy A H connected with the phase transition, see for example [84W1, 84W2]: 

AH- jc p (T) tims dT (2.18a) 

Also the entropy change AS can be calculated from C p (r) trans : 

AS- J Cp(: ^ trans dr (2.18b) 

The values of T C n, A H n and AS n for the three phase transitions of (CH 3 NH 3 ) 2 MnCl 4 as obtained from 
C p (7) trans are listed in Table 4 and will not be repeated here. But the values show as well as the C p (7) trans 
curve in Fig. 2.20 that the phase transition at 94 K is the one with the most drastic changes in the structure 
of the lattice (TLT-phase MLT-phase, cf. Table 4) and therefore with the largest values of AH and AS. 

The entropy change AS is characteristic for the mechanism of a phase transition and below, in context 
with these mechanisms, AS will be compared to theoretical predictions. 

Using neutron or x-ray diffraction, the structure has been determined for many compounds in their 
various structural phases. Besides the thermal parameters the structures are a very important information 
about the phase transitions because we can discuss the symmetry changes and the changes of the bonding 
scheme in the lattice only with the knowledge of the structure including the atomic positions. Without 
such information, no diagram of the sequence of phase transitions can be presented in Table 4 as is the 
case for many compounds listed there, it is further very instructive when the lattice parameters are 
determined as a function of temperature by a diffraction technique. An example of this kind is shown in 
Fig. 2.21, namely a, b, c, and the monoclinic angle a of (C 3 H 7 NH 3 )2 CuC 1 4 for the temperature range 
20 K-300 K [94J1] including the structural phases 8, 8, £, and q (cf. Table 4). (C 3 H 7 NH 3 ) 2 CuCl 4 belongs 
to the (C; H 7 N Hj) 2 MC1 4 -1ami I y (M = Mn, Cu, Cd) which is unique in the series (C n Fl 2 n+ iNF[ 3 ) 2 MCl 4 as 
pointed out by Depmeier [79D 1 ]. These compounds show an exceptionally large number of structural 
phase transitions and their structural phases exhibit also incommensurate structures [83K3, 86D2]. For 
(C 3 H 7 NH 3 ) 2 CuC 1 4 , the y-phase (outside the temperature range of Fig. 2.21) and the t-phasc (in Fig. 2.2.1) 
are incommensurate ones, in Table 4, these structures are denoted as 

P'ssi and P p | l/ 1 

following the notation of Wolff Janssen and Janner [81W1] where Pbca and P2,/n are the basic structures 
of the incommensurately modulated phases. The preceding letter "P" means that the rational part of the 

modulation wavevector q t = 0 (cf. Eq. 4.4 of [81W1]). The subscripts "s", "1" and " 1 " indicate the 
symmetry behaviour in the fourth dimension (modulation wavevector) with respect to the generators of 
the basic space group (cf. Eq. 4.3 of [81W1]). For further information about incommensurate structures, 
the reader is referred to the review by Janssen and Janner [87J 1 ]. On these grounds, the data for the 'Q- 
phase in Fig. 2.21 are those of the basic structure P2^n 11. A special feature of the sequence of phase 
transitions in (C 3 H 7 NH 3 ) 2 CuCl 4 is that the transition at 180 K means a jump from the 8-phase (Pbca) to 
the incommensurate t-phasc when the sample is cooled down. The commensurate 8-phase (P2]/nll) is 
reached only by heating from the ^-phase. Further heating leads then back to the 8-phase. With the 
transitions 8 —> C and C, —> 8 —> 8, there is not much change in the lattice parameters a, b. and c, except for 
the monoclinic angle a which becomes exactly 90° in the orthorhombic 8-phase (see Fig. 2.21). The 
transition C q, on the other hand, is strongly discontinuous as exhibited by the discontinuous changes 
of the lattice parameters at 132 K in Fig. 2.21. Jahn et al. [94J1] investigated very carefully and confirmed 
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the interchange of a and b at this transition, so that there is really a>b for T > 132 K and a<b for 
T< 132 K(cf. also Table 2). 

For monoclinic structures, there is some arbitrariness in the choice of the basic lattice vectors. 
Therefore, alternative descriptions are often added in Table 2 for the monoclinic low-temperature phases 
of some compounds like (CD 3 ND 3 ) 2 MnCl 4 , (C 3 H 7 NH 3 )MnCl 4 and similar Cu- and Cd-compounds. These 
different descriptions are presented in Table 2 because part of the published data are based on them, and it 
seems therefore advisable to discuss this problem in detail here. The description fitting best to our system 
adopted for the data in Table 2 is the setting A2!/bll (or 1312,/a 1) for the structures under consideration. 
The a-axis (or 6-axis) is parallel to the monoclinic twofold axis and the b- and c-axes (or a- and c-axes) 
are in the mirror plane. The monoclinic angle a (or ji) is very near to 90° and thus the c-axis almost 
perpendicular to the plane of the perovskite-type layer. The corresponding lattice parameters can easily be 
compared to those of the other structural phases of the compounds under consideration. However, this is 
not so easy for a different set of lattice vectors as used in some of the references. A good example for the 
discussion of these problems is the i^-phase of (C 3 H 7 NH 3 ) 2 MnCl 4 below the lock-in transition at 113 K 
where the modulation wavevector q 0 = a ■ b* (a = 0.363 at 130 K in the incommensurate e-phase P A ^'™) 
flips to q 0 = -j ( b * + c*) so that the resulting i^-phase is a commensurately modulated one which can also 
be described as new commensurate phase. This is illustrated in Fig. 2.22 for the structure of the C-phasc 
where q 0 = j ( b * + c*) was chosen as the modulation wavevector. The modulation itself is sketched in an 
exaggerated way as a transverse wave with displacement parallel to the c-axis. Note that only the Mill¬ 
ions are shown in Fig. 2.22 in order not to overload the figure. The basic structure of the i^-phase was 
reported as A2j/bll by Achiwa et al. [90A1] (cf. Table 2) with the lattice vectors a = (a, 0,0), 
b = (0, b, 0), and c = (0, c cosa, c sina) which have already been discussed (cf. Eq. 2.11 in Sect. 2.1.4) in 
context with the two structural domains. For this centered unit cell (with a ~ 90°), the lattice parameters 
are comparable to those of Abma (space group of the commensurate 8-phase and basic structure of the 8- 
phase). The primitive unit cell of A2]/bl 1 can as usual be written as 

t\=a t 2 =\(b + c) t 2 =\(-b + c) (2.19) 

and in tetragonal and orthorhombic structures (t\, t 2 , t 3 ), they would only be the set of primitive non- 
orthogonal lattice vectors. They could not be considered as the lattice vectors of a different structure. But 
in the monoclinic system, one of these vectors has to be chosen parallel to the twofold axis (a-axis in our 
case) while the other two can be chosen rather arbitrarily in the mirror plane (with the b- and c-axis in 
Fig. 2.22). Therefore, the set (t u t 2 ,t 2 ) can be considered as the lattice vectors of a non-centered 
monoclinic structure, namely P2 1 /n 11 with a= Z.{t 2 , f 3 ), = 31.35° (cf. Fig. 2.22). In a similar way, we can 
describe the modulated ^-phase also as a new not modulated structure with triplication of the unit cell. 
Muralt et al. [88M1] have proposed the set 

s x =h=a s 2 = 3 t 2 = \ (6 + c) s 3 = h = j (~ b + c ) ( 2 - 20 ) 

as the lattice vectors, also space group P2 1 /nll. Another choice of the lattice vectors was used by 
Depmeier et al. [83D1] 

g\=a £2 = 3 6 g 2 = (- b + c) (2.21) 

which give the space group P2 1 /bll. All these systems of lattice vectors are shown in Fig. 2.22. It is 
obvious that they represent a non-orthogonal set with angles a far away from 90° and violate the rule that 
one lattice vector should be perpendicular or almost perpendicular to the plane of the layers. It is also 
obvious that this cannot be avoided by a different nonstandard setting of the space groups. The 
corresponding lattice parameters are listed in Table 2. They are derived from the sets of vectors in Eqs. 
2.20 and 2.21 in the usual way. Following the references, they are denoted also as (a, b, c, a) and not in a 
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different way like, for example, (si, s 2 , S 3 , oj which would be rather unusual and possibly confusing. 
Thus, Fig. 2.22 illustrates the modulated i^-phase, on the one hand, and the arbitrariness in the choice of 
lattice vectors in monoclinic structures, on the other hand. 

Optical methods are a very useful tool for the direct visual observation of domains and structural 
phase transitions. This is mostly done by means of a microscope equipped with polarizers. The samples 
are usually thin platelets with the c-axis perpendicular to their major faces, and thus this method is 
appropriate to study the optical anisotropy in the plane of the layer, i.e. the (a, 7>)-plane. As an example, 
Fig. 2.23 shows photographs of two samples of (CF^NF^^CdCFj which were taken at room temperature 
through a microscope with a magnification of about 100 [80G1, 82W4]. No polarizers were used in this 
case because this is not appropriate for a black-and-white photograph. We recall that (CH ! NH ! ) 2 CdCI 4 is 
at 294 K in the ORT-phase (cf. Table 2) with two domains Abma and Bmab corresponding to x- and y- 
orientation of the particles. The sample in Fig. 2.23a is about 2 mm thick. It was freshly grown from an 
aqueous solution and, fortunately, turned out to be nearly single-domain with only a few wide stripes of 
the other domain. The domain boundaries extend through the whole sample perpendicular to its faces. 
They are made visible by light of grazing incidence. The other sample in Fig. 2.23b is about 1 mm thick. 
It shows a narrow multidomain structure with a great number of much narrower domains. It is worth 
noting that the domain boundaries do not intersect each other at right angles in the same layer but only in 
different layers of the sample as can be clearly seen in Fig. 2.23b. Moreover, the number of domains 
increases by each temperature cycle from 500 K (THT-phase) down to 100 K (MLT-phase) and back to 
500 K. When polarizers are used in the study of these domains it is found that the domain boundaries are 
parallel to the Xq- or y 0 -axis of the (x 0 , _y 0 , z 0 )-system for the tetragonal parent structure I4/mmm (cf. 
Figs. 2.1 in Sect. 2.1.2 and 2.11 in Sect. 2.1.4) while the optical index ellipsoid is oriented parallel to the 
axes of the (x,y, z)-system used for the description of the ORT-phase [74K1]. That means that the light 
passing the sample is blocked by crossed polarizers when these are oriented at 45° to the domain 
boundaries. When they are oriented parallel or perpendicular to them the lineary polarized light passing 
the sample becomes elliptically polarized which is seen as green light through one domain and red light 
through the other one [82W4]. Such twin domains (Abma and Bmab) have also been observed under the 
microscope for ^FlyNFl^MnC^ [89Y1] in the [3-, y-, and 8 -phases. 

A more quantitative method are birefringence investigations, i.e. the measurement of the difference of 
the refractive indices for directions parallel to two optical axes. For such measurements, also a 
microscope with polarizers is mostly used and the light sent through a single-domain part of the sample. 
The linear birefringence can then be determined by means of Babinet-Soleil compensator and a 
photoelastic modulator [79K3]. In this context, let us discuss the compounds (CH ! NH ; ) 2 MnCl 4 , 
(CH ! NH 4 ) 2 FcCI 4 and (CF^NF^^CdCFt which have all the same sequence of structural phase transitions 
TF1T ORT TLT MLT (cf. Table 4), apart from the MLT-phase which has not been found for 
the Fe-compound. In the two tetragonal phases THT and TLT, the refractive indices n a and n b for the 
directions parallel to the a-, and 7>-axis (x- andg-axis, cf. Fig. 2.11 in Sect. 2.1.4) are equal for reasons of 
symmetry. In the orthorhombic ORT-phase, however, they are different and their difference A« = n b — « a 
is the quantity determined by birefringence studies. Fig. 2.24 shows An as a function of temperature (200- 
400 K) for (CF^NF^^MnCLt and (CF^NF^FeCLt. As expected, An is zero above T CA (TFIT-phase) and 
below Tqi (TLT-phase) for both compounds [74K1]. In the ORT-phase, An starts to increase continuously 
with decreasing temperature at T C \, i.e. at the continuous phase transition, and it drops to zero at Tci 
indicating the discontinuous character of this phase transition. Thus, An behaves like the order parameter 
at the phase transition TFIT ORT or, more precisely, like the square of the order parameter. It can 
therefore be used to determine the order parameter critical exponent [3 [74K1, 81K1, 84K1] which is 
universal for a certain type of phase transitions independent of the particular compound under 
investigation. A special section will be devoted to critical phenomena and critical exponents where we 
also return to the results on these compounds and to the numerical values of [3 and other critical 
exponents. With the socalled "HAUP"-method [83K1], birefringence and optical activity can be measured 
simultaneously. By means of such studies on ^FlyNF^^MnCLi [92S2] in its incommensurate y-phase, it 
was found that the optical gyration-component g 33 directly reflects the order parameter of the modulation 
as determined by other experiments [86M1]. 
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The vibrational spectra depend on the forces between the lattice particles and are therefore sensitive to 
changes in these forces due to structural changes in the course of a phase transition. Thus, the structural 
phase transitions can also be studied by measuring the frequencies of the infrared active or Raman active 
phonons as a function of temperature. In the infrared, usually the reflectivity R is measured by means of a 
Fourier transform infrared spectrometer [75G1]. The so obtained reflection spectra are often analyzed by 
applying a Kramers-Kronig integral transform [75L2, 76B2]. For normal incidence, the amplitude 
reflection coefficient is 


r = Vj?e iy = 1 ~ + ’O 

l + (« + i/r) 


( 2 . 22 ) 


where I// is the phase shift of the reflected wave and n and k are the refractive index and the extinction 
coefficient, respectively. These are related to the complex dielectric constant by (s' + i£") = (n + i k) 2 . 
Provided, R is known for a sufficiently large frequency range, the phase angle I// can be calculated as a 
function of frequency by using the Kramers-Kronig integral formula [62G, 72W1]. From R and t//. n and k 
and finally s' and sf' can be obtained by means of Eq. 2.22. Thus, this method allows to derive the spectra 
of the imaginary part s'' from the reflectivity spectra and to determine the frequencies of the infrared 
active lattice modes from the maxima of sf'. Such measurements have been performed for 
(CH 3 NH 3 ) 2 MnCl 4 and related compounds [75L2, 78A1]. For the study of these optically anisotropic 
compounds linearly polarized light has been used, mostly with E || c or E _L c, although the samples are 
not isotropic within the (a, 7>)-plane in the ORT- and MLT-phases and more effort would be required to 
determine completely the infrared-optical properties in these phases. As an example for such 
measurements, Fig. 2.25 shows the infrared spectra of (CH 3 NH 3 ) 2 MnCl 4 for fit [75L2, 75L3] at 
T= 180 K (TLT-phase), namely the reflectivity R. the phase angle y/, the real and imaginary parts s' and 
£?' of the dielectric constant as a function of frequency expressed in wave numbers (v = 1/A) as usual in 
infrared or Raman spectroscopy. Arrows indicate in Fig. 2.25 the 5 frequencies of the infrared active 
phonons determined in this experiment (cf. Table 2 of [75L2]), e.g. at the maxima of e". The influence of 
phase transitions on the lattice frequencies is illustrated in Fig. 2.26. The temperature dependence of the 
frequencies of the infrared active modes of (CH 3 NH 3 ) 2 MnCl 4 for E || c was studied especially in the range 
90-100 K [77V1], where the compound undergoes the discontinuous phase transition TLT MLT. The 
frequencies v in cm' 1 have been derived for various temperatures by a Kramers-Kronig analysis as 
described above. On cooling, the vibrational frequencies of the TLT-phase extend to 94.2 K (full lines in 
Fig. 2.26) and change then within less 0.2 K to their values in the MLT-phase (broken lines in Fig. 2.26). 
On heating, this rapid change at the discontinuous transition happens at 97.5 K. It is easy to relate the 
frequencies in the two phases to each other above 170 cm' 1 , but more difficult below 170 cm' 1 because 
the number of infrared active modes is larger in the MLT-phase for reasons of the reduced symmetry, 
namely 8 for the TLT-phase and 13 for the MLT-phase according to a group theoretical analysis [77C4, 
77G3]. We gather from Fig. 2.26 that all 8 modes were observed in the TLT-phase but only 11 in the 
MLT-phase which means that some of the modes only active in the monoclinic phase have such a small 
oscillator strength that they show not up in the reflectivity spectra. Further, the transition temperatures for 
heating and cooling and also the width of the hysteresis range have been found here a little larger than in 
the birefringence experiments (cf. Table 4 and [74K1]). Direct studies of the dielectric constant 
E=s' + is'' provide also useful information about structural phase transitions. For example, such 
measurements have been performed for (CH 3 NH 3 ) 2 CdCl 4 at various frequencies, in the technical range at 
1 kHz [76L1] and in the microwave (8.1 GHz) and millimeter wave (81 GHz, 600 GHz) ranges [82W4]. 
The results show for all frequencies drastic changes and hysteresis effects for most of the phase 
transitions of this compound. 

Raman spectroscopy or inelastic scattering of photons is usually performed with an argon ion laser as 
the exciting light source and with a double or triple monochromator in order to separate and measure the 
extremely small intensity of the scattered and frequency-shifted light. Many studies of the temperature 
evolution of the Raman spectra have been performed, especially for the compounds (CH 3 NH 3 ) 2 MnCl 4 
and (CH 3 NH 3 ) 2 CdCl 4 [74S2, 77C4, 78C2, 81M2, 83M1, 83M2], in order to investigate the influence of 
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the structural phase transitions on the vibrational spectra. Of special interest are the low frequency spectra 
(cf. Fig. 2.27) because of the possibility to observe a soft mode with a frequency tending to zero when the 
temperature approaches the transition temperature. The role of soft modes in phase transitions will be 
discussed below. For the TFIT <-» ORT transition of the compounds under consideration, a soft mode 
would be in the TFIT-phase a phonon with its wavevector at the X-point of the Brillouin zone which 
cannot be observed with optical methods [75P1, 77K1, 77G3]. But in the low-temperature phases, this 
mode would be at the center of the Brillouin zone and would be fully symmetric and therefore Raman 
active. In a Raman spectroscopic investigation of (CH 3 NH 3 ) 2 CdCl 4 [83M1, 83M2], the laser beam has 
been focussed onto a small surface portion of the crystal perpendicular to the c-axis. So it became 
possible to observe single-domain Raman spectra where the a xx - and ctyy-spectra and the a xz - and a yz - 
spectra are different in the orthorhombic ORT-phase but equal in the tetragonal TLT-phase. In multi- 
domain samples, on the other hand, these spectra are equal in both phases due to superposition of the 
spectra from the two domains [77C4], Flere, (X xx and a xy are the components of the Raman tensor where x, 
y and z mean that all these specifications of the Raman spectra refer to the (x, y, z) coordinate system for 
the low temperature phases (cf. Figs. 2.1 in Sect. 2.1.2 and 2.11 in Sect. 2.1.4). The low-frequency spectra 
of (CH 3 NH 3 ) 2 CdCl 4 [83M2] with Raman shifts Av up to 50 cm' 1 are presented in Fig. 2.27 for various 
temperatures between 155 K and 295 K, in Fig. 2.27a the a xx -spcctra [scattering geometry: z(xx)y] and in 
Fig. 2.27b the a xy -spectra [scattering geometry: z(yx)y]. For the scattering geometry, the usual notation is 
used as in the references [77C4, 83M1]. With the scattering geometry of Fig. 2.27a, lattice modes of 

Vl (A g or A lg ) symmetry can be observed and thus the expected soft mode. The sequence of phase 
transitions and the transition temperatures (cf. Table 4) are indicated in the center part of Fig. 2.27. At 
295 K (ORT-phase) both spectra, a xx and a xy , show rather broad Rayleigh wings which become very 
broad for a xx and disappear for a xy at lower temperatures in the TLT-phase. In the a xx -spectmm (Fig. 
2.27a), this broad wing develops a maximum near 30 cm' 1 which was interpreted as the expected soft 
mode [74S2, 77C4, 78C2]. But from its width, this mode would then be heavily overdamped. Later, 
detailed considerations [83M1, 83M2] have lead to the conclusion that this is not a soft mode connected 
with the motions of the (CH 3 NH 3 )-ions in the ordering process with different hydrogen bonding in the 
various structural phases but that there are low-lying order parameter fluctuation modes connected with 
the associated rotational motions of the rigid CdCl 6 octahedra. More details of these modes will be 
discussed below in context with models about the phase transition mechanisms [79K5]. Here it remains to 
be mentioned that the expected soft mode was not observed either in the THT-phase by means of inelastic 
neutron scattering [78L1, 79G4]. For these coherent neutron scattering experiments, it was necessary to 
use a fully deuterated sample of (CD 3 ND 3 ) 2 MnCl 4 . 

Not only the vibrational frequencies but also the elastic properties of perovskite-type layer compounds 
are affected by the structural phase transitions. The elastic constants of a crystal can be determined by 
measurement of the sound velocity v s from which the elastic stiffness constants C can be calculated 

C = pt; b 2 (2.23) 

where p is the mass density of the compound under investigation. Fig. 2.28 shows the temperature 
dependence of the various elastic stiffness functions in (CH 3 NH 3 ) 2 MnCl 4 [79G3, 80G2]. The sound 
velocities for various directions of propagation k and polarizations R (cf. Fig. 2.28) have been measured 
by a highly sensitive phase compensation method [69M1] which allows to resolve relative velocity 
changes of one part in 10 5 . The absolute velocity was determined from sound pulse transit times and 
sample lengths. Thermal expansion corrections can be applied using the known temperature dependence 
of the lattice parameters [74K1]. The accuracy of the absolute velocity is about 2%. For the calculation of 
the elastic constants by means of Eq. 2.23, the measured value p = 1.70 g/cm 3 has been used for the mass 
density. Except for Q,6, the elastic constants exhibit only little influence of the phase transition as can be 
seen in Fig. 2.28 for the C L = 4. (C n + C 12 + 2 C 66 ), C n , and C 33 longitudinal modes and for the 

4 (Cj i - C, 2 ) and C 44 transverse modes. The transition temperatures are shown at the bottom of Fig. 2.28. 
The elastic constants are denoted here and in Fig. 2.28 with respect to the ( Xo,)>o,z 0 ) coordinate system 
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(THT-phase, cf. Figs. 2.1 in Sect. 2.1.2 and 2.11 in Sect. 2.1.4) uniquely for all temperatures, i.e. for all 
phases. In Fig. 2.28, the (x,y,z) system for the low temperature phases is employed solely for the 
specification of k and R along the x-, y- or z-axis. Of all the modes in Fig. 2.28, as already mentioned, 
only the C 66 -mode shows a drastic temperature dependence, namely a softening for decreasing 
temperature towards the TFIT ORT phase transition and for increasing temperature towards TLT 
ORT transition. Because of twinning (two crystallographic domains Abma and Bmab) and domain wall 
effects, it was impossible to obtain results for the Cgg-mode in the ORT- and MLT-phases. 

A similar softening of this elastic mode was also found in (CH 3 NH 3 ) 2 CdCl 4 [80G2] and 
(CH 3 NH 3 ) 2 FeCl 4 [82G1], and we note from Table 4 that all three compounds have the same sequence of 
phase transitions. For the Fe-compound, values of C 66 were also reported for the ORT-phase [84Y2], not 
measured directly because of the above mentioned twinning but derived from other data. In the ORT- 
phase, C 66 shows a strong restabilizing effect, i.e. rapidly increasing to higher values, when passing the 
phase boundary into the ORT-phase after the drastic softening in the TLT-phase and the softening in the 
THT-phase. The measurements for these results have been performed with a second technique for 
studying the elastic stiffness constants, namely Brillouin scattering which is the inelastic scattering of 
photons at the acoustic modes. Experimentally this can be performed with a spectrometer in which a 
scanning Fabry-Perot interferometer is used in the three- or five-pass configuration in order to analyze the 
scattered light [8 1K1 ]. When the light source, e.g. a krypton ion laser, is used with the full power of 
30-50 mW, damage of the sample may occur. Therefore, the power for illumination of the sample is 
usually reduced to 5-10 mW. The light can be detected by a cooled photomultiplier followed by an 
electronics for counting single photons. The results obtained by Brillouin scattering for (GH 3 NH 3 ) 2 MnCl 4 
[81K1] and (CH 3 NH 3 ) 2 FeCl 4 [84K1, 84Y2] agree quite well with those of the sound velocity 
measurements and show the same drastic temperature dependence of the C 66 -mode. Moreover, this 
temperature dependence is nearly the same as that observed for elastic soft modes in a number of 
compounds with different types of phase transitions [73R1, 81L]. The origin of the softening of the elastic 
mode is usually a linear coupling of this mode to the order parameter in the phase transition. 


9.12.2.2.2 Group-Theoretical Considerations 

After these examples for experimental data strongly related to the structural phase transitions, we turn 
now our attention to symmetry considerations with respect to these transitions. The aim of such group 
theoretical considerations is twofold. At first, group theory will provide information about the group- 
subgroup relations between different structural phases which are relevant with respect to the application 
of Landau’s theory of phase transitions and to the question whether a continuous transition can be 
expected. At second, a group-theoretical analysis provides information about the symmetry of the 
elementary excitations in the structural phases, including the symmetry of the order parameter in a phase 
transition and of a soft mode. The relevance of group-subgroup relations between different structural 
phases becomes obvious when we recall the first two of Landau’s criteria for continuous or nearly 
continuous phase transitions [62L2, 74B3, 75L4, 77G3] : 

1) The space group G! of the phase of lower symmetry is a subgroup of the space group G 0 of the high 
symmetry phase. 

2) There is one and only one irreducible representation (n, q ) of G 0 (n - th multiplier representation at 
wavevector q) which contains the unity representation of G, (fully symmetric representation Tf or A lg ) 
and which specifies the symmetry of the order parameter of the phase transition between G 0 and G,. 

These criteria are the most important in our context for a better understanding of the phase transitions 
listed in Table 4 and for building a basis for a short introduction to the Landau theory (for a general 
review see [80C2, 81B3]) and to the models of the phase transitions in halide perovskite layer structures 
based on this theory (see for example: [78B2, 79B5, 79K5, 81K3, 91C2]). 
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Whether or not a phase transition fulfills criterion 1) can easily be gathered from the socalled "family- 
tree" [75B2, 80B3]. There, the crystal structures involved in a sequence of phase transitions are arranged 
according to their group-subgroup relations. In Fig. 2.29, the family-tree is presented for 
(CnH 2n+ iNH 3 ) 2 MCl 4 with n = 1, 2 and M = Mn, Fe, Cd [76F12, 77G3, 78H2], i.e. for those members of the 
monoammonium family with n-alkylammonium chains where the phase transitions have been studied 
most extensively by a variety of methods and where the sequence of transitions is well known (cf. 
Table 4). Fig. 2.29 applies also to the structural phase transitions in perovskite-type layered compounds 
without hydrocarbon chain like (NH 4 ) 2 MgF 4 , Rb 2 CdCl 4 , Rb 4 Cd 3 Cl 10 and oxides, e.g. La 2 Cu0 4 , Pr 2 Ni0 4 
and La 2 Co0 4 . The phase transitions in these compounds will be discussed in more detail below. With 
respect to the diammonium family with alkylenediammonium chains, the family-tree [78K1, 88C2] is 
shown in Fig. 2.30 for the compounds [NH 3 (CFl 2 ) n NH 3 ]MCl 4 with M = Mn, Cd and n = 3, 4, 5. The 
sequence of phase transitions of these compounds has also been established in numerous studies. In both 
figures, the space groups are listed in the international notation, e.g. 14/mmrn, and also in the Schoenflies 

notation, e.g. D 4 [. Before discussing the details of the phase transitions with respect to the group- 
subgroup relations, some general features should be mentioned about the family-trees. At the top of these 
"trees", there is the high symmetry "parent" structure G 0 , i.e. 14/mmm in Fig. 2.29 and P4/mmm in 
Fig. 2.30, from which the other space groups G n (n> 1) are derived by symmetry reduction. Along the 
"branches" of the trees, the symmetry reductions are performed in minimal steps such that a space group 
is always followed by one of its maximal subgroups according to the tables listing the subgroups of 
crystallographic space groups [66N, 70N, 77N1, 88S2] which are not all easily accessible. There have 
been defined two kinds of symmetry reducing steps (of order 2 in these examples): 

t2: reduction of rotational symmetry, i.e. of point group symmetry operations (abbreviation t = 
translationengleich = equal in translational symmetry) 

k2: reduction of translational symmetry, i.e. doubling of the unit cell for order 2 (abbreviation k = 
klassengleich = equal in the class of point group operations) 

Changes of the coordinate system and of the lattice parameters are also indicated in Figs. 2.29 and 2.30, 
e.g. the change from the (x 0 ,y 0 , z 0 ) system to the {x,y, z) system by a + b, - a + b, c and a doubling of the 
lattice parameter c by a, b, 2 c. Further, there are shown the numbers Z of formula units in the primitive 
unit cell (Wigner-Seitz cell) of the corresponding structures and the symmetry (point group) at the site of 
the transition metal ion. For some structures, e.g. centered ones, the primitive unit cell is smaller than the 
crystallographic unit cell as defined in the International Tables [691]. For reasons of a compact 
presentation with more clarity, it is not advisable to compile all examples for a particular structure at a 
certain temperature in Figs. 2.29 and 2.30. Family-trees with this additional information are found in the 
references, e.g. for the monoammonium family in [77G3] and [78H2]. In this paper, the family-trees 
consist merely of the principal group theoretical data and will be used as a tool together with Tables 2 and 
4 for discussing the sequence of structural phase transitions of some perovskite-type layer compounds. 

Let us recall the data in Table 2 for this purpose. They demonstrate that the "parenf'-structure 
14/mmm of the monoammonium family has actually been found experimentally for a number of 
compounds, namely for (CH3NH 3 ) 2 MC1 4 with M = Mn, Fe, Cd, for (C 2 H 5 NH 3 ) 2 MnCl 4 and for 
(C 3 H 7 NH 3 ) 2 MnCl 4 . On decreasing the temperature, these compounds undergo the transition to the ORT- 
phase (cf. Tables 2 and 4) with the two domains Abma and Bmab. The family-tree in Fig. 2.29 confirms 
that this transition is expected to be continuous in agreement with the experimental results. The family- 
tree shows further that Abma or Bmab are not maximal subgroups of 14/mmm and that the space group 
Fmmm is the link between them. But Fmmm is only the link in the group theoretical considerations. It is 
not a real structure of the above listed compounds, as we see from the sequences of phase transitions in 
Table 4 where we also find that the compounds (CH 3 NH3) 2 MC1 4 (M = Mn, Fe, Cd) undergo a 
discontinuous transition to the TLT-phase (P4 2 /ncm) on further lowering the temperature. Fig. 2.29 shows 
that this transition means a jump from one branch of the tree to another one. Although Abma or Bmab 
and P4 2 /ncm have a maximal subgroup (Pccn) in common, there is no direct group-subgroup relation 
between them and, consequently, the phase transition has to be discontinuous. The same arguments apply 
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to the transition from the TLT-phase to the MLT-phase (A2J/M1 or B12 1 /a 1) which is also discontinuous. 


The space groups of the MLT-phase are subgroups of those of the ORT-phase but such a relation does not 
exist to the TLT-phase. If a phase transition is along one of the branches of the family-tree, it may be but 
has not to be continuous. For example, the transition of (C 2 H 5 NH 3 ) 2 MC1 4 (M = Mn, Fe) from the ORT- 
phase (Abma or Bmab) to the OLT-phase (Pbca or Pcab) is along such a branch and is continuous for the 
Fe-compound but discontinuous for the Mn-compound. 

A comparison of the family-tree for the diammonium compounds (Fig. 2.30) with the structures listed 
in Tables 2 and 4 reveals that the high symmetry structures P4/mmm, Pmmm, and Cmmm are only 
hypothetical for these compounds and are not observed experimentally. Probably due to the stronger 
bonding of the hydrocarbon chains at both ends, the transition from complete order of the chains to 
dynamical disorder would occur in diammonium compounds at higher temperatures than in 
monoammonium compounds. And this temperature would be so high that the decomposition temperature 
is reached before such a transition to one of the high symmetry structures can take place. Moreover, the 
search for structural phase transitions was in vain in the Mn- and Cd-compounds of the type 
[NH 3 (CH 2 ) 2 NH 3 ]MCl 4 [75K1, 76A1, 76L1, 77B1, 77T1, 92B1], For the whole temperature range of 
investigations, these compounds stay in the ordered low-temperature structures P^/al or P2 1 /bll. 
Compounds [NH 3 (CH 2 ) n NH 3 ]MCl 4 with n>2, on the other hand, undergo structural phase transitions, 
and the character of these transitions (cf. Table 4) agrees with the predictions of the family-tree in Fig. 
2.30. For [NH 3 (CH 2 ) n NH 3 ]MCl 4 with an even or odd number n of carbon atoms, the structures are on 
different branches of the tree (Fig. 2.30). The reason is that the chains with odd n have a central C-atom 
and those with even n not. That causes different symmetries of the chains and for odd n, the chains may 
even have an electric dipole moment [81K3]. The example of the compounds with even and odd n 
demonstrates that the family-tree can be used not only for discussing and understanding the group- 
subgroup relations between the structural phases of one compound but also those between the structures 
of a family of related compounds. The family-trees in Figs. 2.29 and 2.30 and the relations discussed 
above are by no means comprehensive and complete for all perovskite-type layer compounds in this 
contribution. For the exceptional sequence of phase transitions of (C 3 H 7 NH 3 ) 2 PbCl 4 , a special family-tree 
was derived [89Z1, 91C 1], The structural phase transitions of long-chain compounds like 
(CioH 21 NH 3 ) 2 CdCl 4 require also a family-tree different from those in Figs. 2.29 and 2.30 [79K1]. For 
details, the reader is referred to the references in these cases. 

The above considerations about the family-tree and the group-subgroup relations are mostly connected 
with Landau’s criterion 1). We shall turn now to criterion 2), i.e. to the symmetry of the order parameter 
and of a soft mode, condensating at the transition. For this purpose, we will use the results for the 
symmetry of the lattice modes obtained with group theoretical methods and the compatibility relations 
between them. One group theoretical method employed in this context [77G3] is that outlined by 
Maradudin and Vosko [68M1]. They consider the reducible multiplier representation of the atomic 
displacements at a certain wavevector in the Brillouin zone which can be block-diagonalized to 
irreducible (multiplier) representations. By means of a projection technique, symmetry coordinates can be 
derived for the modes under consideration. If applied to various crystal structures of the same compound, 
this method yields compatibility relations between the modes in various structures even if there is no 
group-subgroup relation between the structures since this procedure can be based on the comparison of 
the symmetry coordinates. If only the compatibility relations are of interest with respect to modes of a 
particular symmetry for group-theoretically related structures, a simpler method can be used which was 
described by Lavrencic and Shigenari [73L1]. The results of such group theoretical treatments will be 
presented here only for the monoammonium family (Fig. 2.29). In these considerations, we will 
concentrate on some special points of high symmetry in the Brillouin zone of the "parent" structure 
14/mmm (see Fig. 2.31). With respect to the (x 0 ,y 0 ,z 0 ) coordinate system, these points are 


r:f = (0, 0, 0), 




and with respect to the ( x, y, z) coordinate system 


= (0, 0, 0), 
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The notation T, X, Z, etc. is chosen in accordance with the Tables of Zak et al. [69Z]. The points X and 
X are symmetry-related and equivalent in tetragonal symmetry (I4/mmm, P4 2 /ncm) but not in 
orthorhombic and lower symmetry (Abma or Bmab, Pcab or Pbca etc.). Fig. 2.31 displays also the two 
reciprocal space coordinate systems (q x0 , q y0 , q z0 ) and (c/ x , q y , q z ) which are used for the description of the 
structural phases (cf. Figs. 2.5 in Sect. 2.1.2 and 2.11 in Sect. 2.1.4). it is obvious from the number Z of 
formula units in the primitive unit cell of the various structures in Fig. 2.29 that, in some of the phase 
transitions, the unit cell is doubled and the Brillouin zone reduced correspondingly. And the above listed 
points have been chosen because they become reciprocal lattice points or centers T of the reduced 
Brillouin zone. In the transitions from 14/rnmm to Abma or Bmab and from Abma to P4 2 /ncm [77G3], 
these points with the coordinates listed above have to be relabelled according to their position in the new 
reduced Brillouin zones as follows: 


14/mmm 


Abma/Bmab 

—> 

P4 2 /ncm 

r 

—> 

r 

/ 

r 

—> 

r 

X 

—> 

r 

/ 

z 

—> 

r 

X 

—> 

z 

/ 

r 

—> 

r 

z 


z 

/ 

z 

—> 

r 


This is illustrated in Fig. 2.32 where a section through the ( q x , q z )-plane is shown with the reduction of the 
Brillouin zones in the phase transitions and with their new boundaries in this plane. After this 
introduction, we can now proceed to the compatibility relations for selected irreducible representations. 
These relations show us what the symmetry of a lattice mode will be before and after the phase transition. 
For the monoammonium family (cf. Fig. 2.29), such an excerpt of the compatibility relations is presented 
in Fig. 2.33 for the space groups listed in the family-tree. We concentrate there on those irreducible 

representations which become in one of the transitions the fully symmetric or unity representation (F( or 
Ai g ), indicated by heavy lines in Fig. 2.33, and which therefore reflect the symmetry of the order 
parameter. We find further that there is in all cases an irreducible representation becoming 1 [ in one of 
its maximal subgroups. All irreducible representations are denoted according to the Tables of Koster et al. 
[63K1], e.g. Tn, r,, for the T-point, X+, X rl for the X-point, except for the M-point of P4 2 /mmc where 
the irreducible representations are multiplier representations and not ordinary representations as in all 
other cases. These multiplier representations are listed in a special character table in [69Z], not for the 
space group P4 2 /mmc, but in the tables for P4/mbm because we use P4 2 /mmc with shifted origin in a 
nonstandard setting. 

The compatibility relations in Fig. 2.33 demonstrate with respect to the phase transitions that 

a) in the continuous phase transition 14/mmm —> Fmmm —> Abma/Bmab the symmetry of the order 
parameter and, consequently, that of a possible soft mode is X 2 for the transition to Abma [75P1, 

77G3, 77K1, 83M1, 83M2] and X 4 for the transition to the other domain Bmab [77K1, 83M1, 
83M2], That means that this transition is governed by a two-component order parameter. A soft mode 
would be one with a ^-vector at X, at the Brillouin zone boundary, and would be observable only by 
inelastic neutron scattering. If, on the other hand, the transition would lead to the intermediate space 

group Fmmm (cf. Fig. 2.29) we would have an order parameter of symmetry I 4 in 14/mmm. After 
changing the coordinate system from (x 0 , y 0 , z 0 ) to ( x, y, z), the order parameter symmetry is T 2 

b) in a hypothetical continuous phase transition 14/mmm —> P4 2 /mmc —> P4 2 /ncm the symmetry of the 
order parameter woidd again be X 2 and X 4 , the same two-component order parameter as in the 
actually existing transition. Thus, such a following the branches of the family-tree is helpful for model 
considerations even though the actual transition is a discontinuous one from Abma/Bmab to P4 2 /ncm. 
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In this case, linear combinations of Xt and X 4 (14/mmm) have to be formed for obtaining 
irreducible representations of P4 2 /mmc with symmetry M 3 and M 4 and of P4 2 /ncm with symmetry 

T^ and T 3 . It was already mentioned in context with the discussion of the structural phases of 
(CH 3 NH 3 ) 2 MnCl 4 in Sect. 2.1.4 (cf. Fig. 2.11) that there are not two crystallographic domains in case 
of P4 2 /ncm but two antiphase domains [77K1, 83M2]. There is no difference in Fig. 2.33 for the (+)- 
and the (-)-domain of P4 2 /ncm and, thus, no extra listing for these two domains. Only the linear 

combinations of X 2 and X 4 to obtain the symmetry Tf or T 3 are different for the two antiphase 
domains. 

c) in a hypothetical phase transition Abma —> A2|/bll the symmetry of the order parameter would be 
rj of Abma and T 2 of Bmab in the corresponding transition of the other domain (Bmab —> B12,/al). 
Both, r 2 and I ’4 originate from the doubly degenerate irreducible representation Tt of 14/mmm. 
Lattice modes of this symmetry are Raman active. 

d) in the phase transition Abma —> Pbca the symmetry of the order parameter is Z 4 of Abma and Z 2 of 
Bmab in the transition of the other domain (Bmab —> Pcab). Z 2 originates from X 3 and Z 3 of 
14/mmm while Z 4 originates from X 3 and Z 3 . 


9.12.2.2.3 Structural Phase Transitions in Monoammonium Compounds 

After these group theoretical considerations, let us turn now to the mechanism of the structural phase 
transitions. It was already mentioned that the NH 3 -groups of the hydrocarbon chains are attached to the 
MClg octahedral layers by hydrogen bonds and that this will be the key to an understanding of the phase 
transitions. For the low temperature structures with not so much disorder as the high temperature structure 
14/mmm, the structure determinations have revealed especially for the (CH 3 NH 3 ) 2 MC1 4 with M = Mn, Cd 
[75C1, 76C2, 76H1, 76H2] that the distance between the three H-atoms of the NH 3 -group and the nearest 
neighbouring Cl -ion is with about 0.24 nm in the range typical for hydrogen bonds. For the structural 
phases of these compounds, different H-bonding schemes have been found in the analysis of the structural 
data [76A2, 76B1, 83M2]. In particular, there are two basic H-bonding schemes, namely the 
orthorhombic configuration as observed in the ORT-phase (Abma or Bmab, cf. Table 4) and the 
monoclinic configuration in the MLT-phase (A2 1 /bll or H12,/a 1). These configurations are shown in 
Fig. 2.34 for the structures Bmab (Fig. 2.34a) and B12,/al (Fig. 2.34b). Since the two other domains 
Abma and A2,/bll result from an exchange of the x- and y-axcs, the corresponding H-bonding schemes 
are obtained by rotating the schemes in Fig. 2.34 by 90° about an axis perpendicular to the plane of the 
drawing (c-axis in the orthorhombic case). Characteristic for the orthorhombic configuration are one H- 
bond to a terminal or axial CL-ion and two H-bonds to bridging or equatorial CL-ions (cf. Fig. 2.34) 
while the monocline configuration consists of two H-bonds to axial Cl -ions and one H-bond to a 
bridging Cl -ion. In this context, we recall that there are two types of Cl -ions in the perovskite-type 
layers, the bridging or in-plane Cl -ions between two M 2+ -neighbours (also called equatorial) and the 
terminal or out-of-plane Cl -ions with one M 2+ -neighbour (also called axial). In the TLT-phase (P4 2 /ncm) 
intermediate between the ORT- and the MLT-phase (cf. Table 4), the H-bonding is usually considered to 
be a superposition of the configurations from the two orthorhombic domains Abma and Bmab [76C2, 
84R1], but also a H-bonding scheme similar to the monoclinic configuration has been reported for the 
TLT-phase of (CH 3 NH 3 ) 2 MnCl 4 [76H1, 78H2]. Because the (CH 3 NH 3 ) + -ions are distributed over four 
positions with equal probability of 25% in the high temperature structure 14/mmm for matching the 
threefold molecular symmetry with the fourfold crystal symmetry, the resulting H-bonding is a 
superposition of four orthorhombic configurations with all possible orientations. For (C 2 H 5 NH 3 ) 2 CdCl 4 
and (C 3 H 7 NH 3 ) 2 CdCl 4 and other monoammonium compounds, similar H-bonding schemes have been 
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found in the structure determinations [77C2, 78C1]. Especially for the OLT-phases (Pbca and Pcab, cf. 
Table 4), the H-bonding scheme is that of the monoclinic configuration (cf. Fig. 2.34). 

The structure determinations by x-ray or neutron diffraction can take into account disorder of the 
hydrocarbon chains by using split positions with a certain occupation probability in the structure 
refinement. But dynamic disorder will only increase the thermal ellipsoids. Thus, dynamic effects are 
more appropriately investigated by magnetic resonance methods, for example 35 C1-NQR [76K1] probing 
the environment of the Cl -ions and 'H-NMR or 2 D-NMR [76B1, 77B1] and 1 H- 14 N nuclear magnetic 
double resonance [76S2] probing the behaviour of the NH 3 -group. The results of such studies have 
demonstrated that in (GH 3 NH 3 ) 2 MC1 4 and similar compounds the (CH 3 NH 3 ) + -ions are not statically 
distributed among the four positions but that the disorder is highly dynamic with jump rates higher than 
10 5 s" 1 from one position to another one [76K1]. The dynamics is still perceptable in the ORT-phase, only 
partially frozen in the TLT-phase and finally completely frozen in the MLT-phase [76S2]. Similar 
conclusions have been drawn from the temperature evolution of Raman spectra [77C4]. A further method 
to study the dynamics of a system is inelastic neutron scattering. The energy and the wavevector transfer 
in the scattering process are 


hco = E i -Ef K=k l -k f (2.24) 

where E,, ti A ] and E { , fi k { are the energy and the momentum of the incident and the scattered neutron, 
respectively. For compounds with hydrocarbon chains, the incoherent scattering length of the protons is 
by far the largest compared to all the scattering lengths of the other particles. Thus the studies, performed 
with time-of-flight neutron spectrometers [78L1, 80K1, 83M1], will yield incoherent inelastic neutron 
scattering results which predominantly reflect the dynamical properties of the protons. In this method, an 
average is formed over a range of scattering angles by means of a sufficiently large number of detectors, 
i.e. averaging over all directions of K as this is the case for powder samples. The result of such a 
measurement is a frequency distribution G(a>) similar to the phonon density of states. In fact, the result 
would be proportional to this density of states in a system with an incoherent scatterer and with one 
particle per unit cell. Therefore, G(co) as defined in Eqs. 4, 13 and 14 of [80K1] is called the generalized 
phonon density of states, reflecting the dynamics of the H-atoms. In Fig. 2.35, G(co) is presented for 
various temperatures where ft) is given in spectroscopic units cm 1 in order to allow an easy comparison 
with infrared and Raman spectra. In addition to broad features representing in fact a kind of density of 
states, there is a rather narrow and strong peak near 330 cm 1 in the spectra for 4 K and 77 K (MLT- 
phase). With increasing temperature, i.e. for 195 K (TLT-phase) and for 300 K (ORT-phase), this peak 
decreases and finally disappears and a new broad peak builds up near 95 cnT 1 which is strongest for 
405 K (THT-phase). A lattice dynamical model calculation has been performed in order to explain and 
understand these spectra [80K1] where for G(co) only the vibrational motions of the H-atoms have been 
taken into account. Even though a damping of the modes was included, this attempt was not very 
successful. At low temperatures, the model reproduces a strong peak which is shifted a little to lower 
frequencies and which also decreases with increasing temperature. However, the model does not 
reproduce the low-frequency peak at high temperatures. In the model, the (CH 3 NH 3 ) + -ions are treated as 
rigid bodies with translational and rotational degrees of freedom. And as usual in lattice dynamics, the 
model assumes that the modes represent small vibrations of the particles about their equilibrium position. 
Probably this condition is not fulfilled in the dynamics of the CH 3 NH 3 molecule at higher temperatures. 
In order to solve some of these problems, a further incoherent inelastic neutron scattering study, also with 
a time-of-flight spectrometer, has been performed, combined with a complementary Raman scattering 
investigation [83M1]. In addition to (CH 3 NH 3 ) 2 MnCl 4 , partly deuterated samples (CD 3 NH 3 ) 2 MnCl 4 and 
(CH 3 ND 3 ) 2 MnCl 4 have been studied this time. The range of averaging over the scattering angles is not so 
large in this experiment so that an average value for the wavevector transfer K can be defined (cf. Fig. 2 
of [83M1]). The corresponding amplitude-weighted frequency distributions are P (K 2 . ft)) and P±(K 2 , ft)) 
(see Eq. 4 of [83M1]) where the sample is oriented at 45° or 135° to the incident beam, resp., with the 
average of K nearly parallel or perpendicular to the octahedral layers. Fig. 2.36 presents these neutron 
scattering results at 7’ = 6 K (MLT-phase). Only in the spectra for (CH 3 NH 3 ) 2 MnCl 4 and 
(CD 3 NH 3 ) 2 MnCl 4 , the peak at 325 cnT 1 is observed. It is stronger for P (K : . ft)) than for PJK 1 , ft)). In the 
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spectra for (CH 3 ND 3 ) 2 MnCl 4 , a less strong peak is found at 254 cm” 1 which is also stronger for P (K 1 . co). 
Thus the peak at 325 cm” 1 can be assigned to librational or rotational motions of the NH 3 -group. The 
other broader features of the spectra in Fig. 2.36 are mainly due to rotational motion of the CH 3 -group 
since they are much weaker in the spectra for (CD 3 NH 3 ) 2 MnCl 4 . Together with the temperature 
dependent data in Fig. 2.35, these results indicate that the NFl 3 -group is fixed by H-bonds to the lattice in 
the MLT-phase and that the binding becomes much weaker at higher temperatures where the dynamical 
disorder increases as discussed above. 

The results about the dynamics of the system indicate that the structural phase transitions are of the 
order-disorder type which would explain also why the search was in vain for a soft lattice mode as it is 
typical for a displacive phase transition [74B3]. The results further indicate that the phase transitions are 
mainly triggered by changes in the dynamics and by the ordering of the hydrocarbon chains. But also the 
layers with the MC1 6 octahedra take part in the phase transitions as has been concluded from Raman 
spectra [83M1, 83M2], This is more directly observed by a diffuse x-ray scattering investigation on 
(CFI 3 NF[ 3 ) 2 CdCl 4 [84M3], namely a disorder also of the octahedra in the ORT- and TLT-phases, since 
mainly the CdCl 6 -octahedra are involved in the x-ray scattering process because the scattering factors are 
much larger for Cd and Cl than for C, N and H. A simple model for disorder in the octahedral layers 
accounts for the observed scattering pattern. A further aspect in this context is that that only the octahedra 
are involved in the structural phase transitions observed for compounds without hydrocarbon chains like 
the fluorides (NH 4 ) 2 MgF 4 [96S2], K 7 CdF 4 [88A8], the chlorides RtbCdCF, [85A2, 89K], Rb 3 Cd 2 Cl 7 
[88A1, 89F1], Rb 4 Cd 3 Cl 10 [90A5, 90B2] and the oxides La 2 _ x Ba x Cu0 4 [89A1], La 2 _ x Sr x Cu0 4 [89T5], 
La 2 Ni0 4 [91R, 93H], Pr 2 Ni0 4 [91F2, 91M1], La 2 Co0 4 [89Y2]. The sequence of phase transitions for 
these compounds is as for (CH 3 NH 3 ) 2 MC1 4 [M = Cd, Fe, Mn] (cf. Table 4) 

14/mmm <-> Bmab (Abma) P4 2 /ncm <-> B12j/al (A2j/bll) 

or at least part of it, i.e. not all structures of this sequence are found for all of them experimentally. For 
doped oxides like La 2 _ x Ba x Cu0 4 , the sequence of phase transitions depends strongly on the concentration 
x. The TLT-phase P4 2 /ncm is found only for the concentration range 0.05 < x < 0.2 [89A1, 90A6], and the 
MLT-phase is completely missing. On the other hand, a transition to an orthorhombic low-temperature 
phase (OLT) with structure Pccn is reported for some oxides [91C3, 93H]. This OLT-phase will be 
discussed in the next section in the course of model considerations for the phase transitions of 
(CFl 3 NF[ 3 ) 2 MCl 4 (M = Cd, Fe, Mn) but has never been observed for these compounds. Among the 
chlorides, the triple-layer compound Rb 4 Cd 3 Cl 10 undergoes the same phase transitions as 
(CFl 3 NF[ 3 ) 2 MCl 4 , but for the double-layer compound Rb 3 Cd 2 Cl 7 , the sequence of phase transitions is 
different (cf. Table 4). 

Because of its importance for the structural phase transitions, it is advisable to consider the tilting and 
canting of the octahedra in the various phases in more detail, in the high temperature tetragonal phase 
14/mmm, the octahedra are perfectly ordered as shown at the top of Fig. 2.37 where layer A refers to the 
plane z = 0 and layer B to the plane z = 0.5. On reducing the symmetry to orthorhombic, there will be a 
washboard-like puckering of the layers due to rotations of the octahedra about the y-axis in the domain 
Abma and about the x-axis in the domain Bmab (cf. Fig. 2.37, second row). And in the TLT-phase 
(P4 2 /ncm), we have diagonal rotations of the octahedra, i.e. rotations about the x 0 -axis in layer A and the 
y^-axis in layer B for the (+)-domain and with the axes exchanged for the (-)-domain. Finally, the MLT- 
phase results from rotations of the octahedra about the x (r and vy-axis and from an additional rotation 
about the z-axis (= z 0 -axis). As already mentioned, this puckering of the layers and tilting of the octahedra 
is the only mechanism for the phase transitions in Rb 2 CdCl 4 , Rb 3 Cd 2 Cl 7 and Rb 4 Cd 3 Cl 10 (cf. Table 4) 
while it is combined with the ordering of the hydrocarbon chains in compounds like (CFl 3 NFI 3 ) 2 MCl 4 . 

The interplay of ordering of the NH 4 -ions and of the octahedra tilting leads in (NFl 4 ) 2 MgF 4 to the 
transition 14/mmm P12j/cl (cf. Table 4 and [96S2]). That means, in the picture of the family tree Fig. 
2.29, the systems jumps from the highest branch to the lowest one in a naturally discontinuous transition. 

This seems to be a special property of the NH 4 -ion since the perovskites NH 4 MnF 3 and NFl 4 CdF 3 
undergo also a transition in one jump from cubic to orthorhombic symmetry [90B4, 95R2] while the 
perovskites with alkali-ions KMnF 3 and KCdF 3 perform the reduction of symmetry step-by-step in 
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several phase transitions [77H4, 84D1, 86H3]. The analogy between perovskites and perovskite-type 
layer structures has also been used to derive a classification for octrahedral tilt phases for the layered 
structures [87A1, 87A2, 87H2, 89H1] based on an earlier classification of octahedra tilts in the 
perovskites [72G1, 75G2], Also group theoretical considerations are necessary for such a classification 
which describes the canting and tilting of the octahedra as small rotations about the axes of the octahedra 
in the way discussed in context with Fig. 2.37, i.e. neighbouring octahedra are rotated in the opposite 
sense so that the layer of corner-sharing octahedra becomes puckered. Here, we will not enter into the 
formal description and with respect to these details, the reader is referred to the references, namely for the 
different structural phases of (C n H 2 n+1 NH 3 ) 2 MCl 4 with M = Mn (n = 1, 2, 3), M = Fe (n = 1), and M = Cd 
(n = 1, 2, 3) to [87A1, 87A2, 89H1] and for those of RbiCdCl 4 , Rb 3 Cd 2 Cl 7 and Rb 4 Cd 3 Cl 10 to [89H1, 
94A. 95A1 1. 


9.12.2.2.4 Model for the Phase Transitions in Monoammonium Compounds 

Models for the structural phase transitions of perovskite-type layer structures start usually with the high 
temperature "parent" phase I4/mmm and with the distribution of the hydrocarbon chains over four 
positions symmetrical to the fourfold c-axis. In the THT- and ORT-stmctures, the molecular C-N axis of 
the (CH ;NH 5 ) -group is inclined by about 20° with respect to the c-axis [75C1, 75H1]. And the dynamic 
disorder in this phase has been explained by a flipping motion of the (CH 3 NH 3 ) + -group about the c-axis 
from one position to another one [77B 1 ]. This situation is sketched schematically in Fig. 2.38 where the 
four possible orientations of the C-N axis are shown and where these molecular orientations are 
numbered by 1, 2, 3, 4. Each of them represents not only the whole (CH 3 NH 3 ) + -group but also the H- 
bonding scheme belonging to it, i.e. the four possible orientations of the orthorhombic configuration. Let 
us now denote the occupation probability for these orientations by n 1; n 2 , « 3 and n 4 . The high temperature 
structure can then be characterized by [76S2, 77K1, 78B2] 

I4/mmm n l = n 2 = « 3 = n 4 = T (2.25) 

In the ORT-phase, these probabilities are no longer equal but especially one will be larger than the other 
three 


Abma: n\>n 2 = « 4 >« 3 or n 2 >n 2 = n 4 >n\ 

Bmab: n 2 >rii = n 3 >n 4 or i 7 4 >/ 7 1 = « 3 >« 2 (2.26) 

The preferred orientation of the (CH 3 NH 3 ) + -groups in the TLT-phase can be described as 

P4 2 /ncm: «i = n 2 > /? 3 = n 4 or n 2 = n 4 >n l = n 2 (2.27) 

A description of the MLT-phase with its monoclinic H-bonding configuration and with a monoclinic 
distortion of the lattice needs an extension of the model and an inclusion of a coupling to the lattice. This 
is discussed in detail in the literature [78B29] and will not be described here. Values for the occupation 
probabilities n m (m = 1, 2, 3, 4) have been obtained by a quasi-elastic incoherent neutron scattering study 
[84R1], The sample was (CD 3 NH 3 ) 2 MnCl 4 and the experimental conditions similar to the inelastic 
scattering investigation of partly deuterated samples [83M1] discussed above. The experimentally 
determined elastic incoherent scattering factor EISF was compared to a calculated EISF which takes the 
reorientational motion (jumps) of the (CD 3 NH 3 ) + -groups into account, namely 

type I: ± 90° rotations about the c-axis 

types II and III: 1 H-bond to a bridging Cl -ion fixed, the other 2 H-atoms, 1 to a bridging and 1 

to a terminal one, exchanged 

type IV: ± 120° rotations about the molecular C-N axis 


Landolt-Bornstein 
New Series III/27J3 



Ref. p. 148] 


9.12.2.2 Structural Phase Transitions 


69 


where type I represents a much faster motion than the other types. But all types are needed for a good fit 
to the experimental data. The occupation probabilities of the best fit (cf. Eqs. 2.26 and 2.27) are [84R1]: 

T= 294 K (ORT-phase): n x = 0.39(1) n 2 = n 4 = 0.22(1) n 3 = 0.17(1) 

T= 245 K (TLT-phase): n x = n 2 = 0.43 (1) « 3 = n 4 = 0.07 (1) (2.28) 

For the TLT-phase, the fit was better with the orthorhombic Fl-bonding configuration than with the 
monoclinic configuration, and it was concluded from these results that the Fl-bonding in the TLT-phase is 
in fact a superposition of two orthorhombic configurations. 

A model for the structural phase transitions of the perovskite-type layer compounds [75P1, 77K1, 
78B2, 79B5] uses generally a Landau-type free energy [74B3, 75L4], i.e. a molecular field approach, with 
the n m defined above as the essential parameters. In this way, the internal energy U of the system can be 
written as [78B2] 


U= -4(«[ 2 +/ij ) + B («!« 2 +n 2 n 3 +n i n 4 +n 4 n x ) + C (n x n 3 + n 2 n 4 ) 

+ higher order terms (2.29) 

This internal energy is appropriate only for the sequence of phase transitions THT ORT TLT, and 
an extended expression with more terms is needed for including the MLT-phase (see [78B2]). The free 
energy of the system is defined as usual in thermodynamics 

F= U- TS (2.30) 

where S~ [/?i ln«j + n 2 In n 2 + «3 ln« 3 + n 4 ln« 4 ] in this order-disorder model. In these considerations 
including elastic contributions to the energy, it is more appropriate to express U, F etc. in J/m 3 rather than 
in J/mol. Instead of continuing the discussion with the occupation probabilities n x , n 2 , « 3 , n 4 , we will 
introduce the order parameters r|], r| 2 , and r| 3 which govern the phase transitions and which are the 
parameters in the Landau theory [74B3, 75L4]. These order parameters are defined as [77K1, 78B2] 

r| l =2« 1 -2w 3 r| 2 = 2« 2 -2/7 4 r| 3 = 2 n { + 2 « 3 - 1 = 1 - 2 n 2 - 2 n 4 (2.31) 

A comparison with Eqs. 2.25-2.27 shows that these parameters are in fact very useful for describing the 
ordering of the hydrocarbon chains in compounds like (CH 3 NH 3 ) 2 MC1 4 . For the THT-, ORT- and TLT- 
phases the results are 

14/mmm: fii = Tb = fi 3 = 0 

Abma: p^O, r| 3 ^ 0 Bmab: t] 2 ^ 0, r| 3 ^ 0 (2.32) 

P4 2 /ncm: r\ 4 = r\ 2 ^ 0, r\ 3 = 0 

Pccn: T] 1 *0,Tl 2 *0(Tl 1 *Tl 2 ),r| 3 *0 

That means r| \ is the order parameter for the transition to the ORT-domain Abma with the symmetry X 2 
in 14/mmm and r| 2 the order parameter for that to the ORT-domain Bmab with the symmetry X 4 in 
14/mmm (cf. Fig. 2.33). Both have the symmetry in Abma or Bmab, respectively. The third order 

parameter r| 3 has the symmetry T 4 in 14/mmm [80G2] andTfin both ORT-domains. In Eq. 2.32, the 
hypothetical orthorhombic low temperature phase (OLT) Pccn (cf. Figs. 2.29 and 2.33) has been included. 
Although a transition to this structure has not been observed in the compounds under consideration, this 
OLT-phase is discussed in many model considerations [79K5, 80G2, 83M2, 91C2]. With the three order 
parameters, the internal energy U can be written as [80G2] 

U=a (iqf + ni) + \ b (fif + n!) + c qni2 + d T|? + \f T|j - g TijCn? -rfe) + ... (2.33) 
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The entropy can also be converted to the order parameters by inserting 

| (1 +T11+T13) «2= J (1 +TI 2 -TI 3 ) «3= { (1 “Til +T13) «4= } (1 -TI 2 — Tl 3 ) 


which is straightforward but the result will not be reproduced here. 

In the usual way, the model calculation proceeds by looking for a minimum of the free energy F 


d F _ 0 d 2 F _ J matrix with only 
~ 3r|m 3i1n ~ 1 P° sitive eigenvalues 


(2.34) 


This is the basic concept of the model, by means of which Blinc et al. [78B2] were able to describe the 
sequence of phase transitions THT ORT TLT in compounds of the type (CH 3 NH 3 ) 2 MC1 4 
(M = Mn, Fe, Cd). In this form, the model cannot describe the transition to the monoclinic MLT-phase 
but yields a second transition to the orthorhombic phase with domains Abma and Bmab. For obtaining the 
transition to the MLT-phase within the model, Blinc et al. [78B2] have introduced the above mentioned 
extension of their model. Then, the correct sequence of phase transitions is obtained when the order 
parameters tr exceeds a critical value. This model has further been extended to order parameter 
fluctuation relaxational modes by Kind et al. [79K5]. They separated the order parameters into a mean 
value (p m ) and a fluctuation part 8p m (m = 1, 2, ..., 5) where the p m are the three order parameters TR, r| 2 , 
r| 3 and two further order parameters describing the tilting of the octahedra needed for the description of 
the MLT-phase. The mean values (p m ) are solutions of Eq. 2.34, and the fluctuations 8p m give rise to 
order parameter fluctuation relaxational modes 


8Pm 

T 



d 2 F 

3p m 3p n 


5p 


(m = I, 2, ..., 5) 


(2.35) 


where the r m represent the kinetic coefficients. The above system of coupled equations has five 
eigenvalues 1/t which, together with the corresponding eigenvectors, determine the order parameter 
fluctuation modes. The results of Kind et al. [79K5] for (CH 3 NH 3 ) 2 CdCl 4 have been compared with low- 
frequency Raman spectra. As already mentioned in context with the discussion of Fig. 2.27, the broad 
Rayleigh wings in the Raman spectra can only partly be explained with reorientational motions of the 
hydrocarbon chains and it is necessary to consider also the tilting motions of the octahedra. It was further 
concluded from the Raman spectra [83M1, 83M2] that the low-lying relaxational modes are less 
numerous than expected from the model. 

With the discovery of the softening of the elastic C 66 -mode in (CH 3 NH 3 ) 2 MC1 4 with M = Mn, Cd 
[79G3, 80G2], the model considerations were extended to include the elastic properties. Comprehensive 
reviews on the study of structural phase transitions by ultrasonic measurements are found in [73R1] and 
[81L]. For reasons of simplicity, we consider for (CH 3 NH 3 ) 2 MC1 4 [M = Mn, Cd] only the elastic strain e 6 
corresponding to C 66 [6 = x 0 y 0 in the ( x 0 ,y 0 ,z 0 ) coordinate system]. This is the only one involved in the 
phase transitions and coupling to the order parameters TR, r| 2 , r) 3 . The corresponding additional term A F 
of the free energy is [80G2] 


A F = \ C 6 ° 6 e 2 6 - h e 6 q 3 -ke 6 (qf - 'H?) 


(2.36) 


where Cgg is the background elastic stiffness constant of the compound, i.e. without interaction with the 

system of (CH 3 NH 3 ) + reorientational motions. With F+AF, Eq. 2.34 has been used to establish the 
stability conditions for the system and to calculate the renormalized elastic constant Cgg along the lines 
given by Slonczewski and Thomas [70S3]. For a successful application of this model to the phase 
transitions of the compounds under consideration and to obtain a good fit the experimental data, 
especially to the softening of C 66 in the TLT-phase (cf. Fig. 2.28), it is assumed a temperature dependence 
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a = a 0 (T - 7j) near the THT ORT transition and d = d 0 ( 1 3 - T) near the ORT TLT transition. In 
order to keep the model stable, especially in the THT-phase, these temperature dependencies are assumed 
to be valid only in a sufficiently small temperature range near the corresponding phase transition and to 
have a different temperature dependence at other temperatures [85G1]. The temperature dependence of d 
suggests further that the corresponding order parameter q 3 would trigger a transition to the OLT-phase 
Pccn, but the coupling to the elastic strain prevents this transition and induces the first order transition to 
the ORT-phase. 

For (CH 3 NH 3 ) 2 FeCl 4 with essentially the same softening of the C 66 -mode [82G1, 84Y2], this mode 
has further been studied under hydrostatic pressure up to 6 ■ 10 8 Pa [82G1] searching for an experimental 
evidence for an intermediate OLT-phase, but without success. In (CH 3 NH 3 ) 2 MnCl 4 and 
(CH 3 NH 3 ) 2 CdCl 4 , on the other hand, a high pressure phase (HP) was found (cf. Table 4). For the Cd- 
compound, the (7) p)-phasc diagram [78H1, 83M3] was determined from Raman scattering results (see 
Fig. 2.39). For the Mn-compound, the structure of the HP-phase is found to be triclinic (PI) [89C1, 
93C1] and not orthorhombic (Pccn). Detailed considerations show that the mechanism leading to this HP- 
phase is a different one [83M3], and that the order parameter is different from q 3 . Moreover, the results of 
quasi-elastic incoherent neutron scattering on (CD 3 NH 3 ) 2 MnCl 4 [84R1] indicate that q 3 is not so 
important for the ORT TLT phase transition. Therefore, the assumption of the unusual temperature 
dependence of d and the use of q 3 as primary order parameter in the ORT TLT phase transition have 
been criticised [8411, 851, 91C2]. Ishibashi and Suzuki [8411] have recommended to use a Landau-type 
free energy with only r\ 3 and q 2 as order parameters, i.e. without r| 3 . The model contains only the usual 
temperature dependence a = a 0 (T- 7j). Since the softening of C 66 in the TLT-phase cannot be described 
in an adequate way with terms up to fourth order (cf. Eq. 2.33), terms up to sixth order have been 
included. The corresponding internal energy U is obtained by keeping the terms with q, and q 2 in Eqs. 

2.33 and 2.36, by omitting the terms with q 3 and by adding |l(qi' -q 2 ) ■ (qf + q^) as possible sixth order 
term. It is characteristic for this model that it contains no unusual temperature dependence and that it is 
sufficiently flexible to describe the observed sequence of phase transitions in the methylammonium 
compounds. In a thorough analysis, Couzi [91C2] has shown that a model with terms up to fourth order in 
q! and q 2 without q 3 can describe properly only the THT ORT transition and not the ORT TLT 
transition. With terms up to sixth order, the model can already account for the behaviour of C 66 . However, 
an expansion up to 8 th order is required for an adequate description of all experimental data. Couzi’s 
analysis starts with the model of Blinc et al. [78B2] and presents a fair discussion of all the model 
considerations. His analysis reaches with respect to an intermediate OLT-phase Pccn the conclusion that 
this is a possible structure within the model. He considers it a major difficulty for the interpretation of the 
experimental data that the OLT-phase is not observed experimentally in the methylammonium 
compounds. But very probably, the ORT TLT transition takes place close to a multicritical ORT- 
TLT-OLT triple point. And we recall from Sect. 2.2.3 that the OLT-Phase has actually been observed in 
some perovskite-type layered oxides. For these materials, Ishibashi and Dvorak [9413] performed model 
calculations including the OLT-phase Pccn using a Landau-type free energy with terms up to eigth order 
in q[ and q 2 . 

For other compounds (C n H 2n+1 NH 3 ) 2 MCl 4 with n > 1 and M = Mn, Fe, Cd, similar model calculations 
have been performed, e.g. for (C 2 H 5 NH 3 ) 2 FeCl 4 [85Y2] where, in addition to q , and q 2 , two further pairs 
of order parameters have been introduced for modelling the somewhat different sequence of phase 
transitions (cf. Table 4). For the propylammonium compounds like (C 3 H 7 NH 3 ) 2 MnCl 4 , the situation is 
more complicated for reasons of the incommensurate phases (cf. Table 4) which require an adequate 
extension of the model. That means the order parameters become space-dependent describing the 
modulation in the incommensurate phase. Moreover, the Landau free energy is now a functional, i.e. a 
function to be integrated over the space variables, and its minimum is to be determined by the Euler- 
Lagrange theory [87J 1 ]. This free energy contains not only the usual terms up to fourth or sixth order in 
the order parameters but also derivatives of the order parameters with respect to a space variable. In this 
context, we recall the third criterion of the Landau theory [62L2, 74B3, 75L4, 77G3]: 
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3) the antisymmetric square {(n, q)} 2 of the irreducible representation (n. q) corresponding to the order 
parameter [cf. criterion 2) above] must not contain the vector representation of G 0 if Gj is to be a 
commensurate phase. 

If however the transition leads to an incommensurate phase this antisymmetric square may but will not 
necessarily contain the vector representation, and only if this is the case a socalled Lifshitz invariant will 
be a new term in the free energy. In (C 3 H 7 NH 3 ) 2 MnCl 4 (cf. Table 4), the first incommensurate is the y- 
phase and the transition to the 8-phase is a reentrant one. The (3- and the 8-phase have the same structure 
Abma and reentrant transition means that the modulation amplitude vanishes at the transition and not the 
incommensurate part of the modulation wavevector [82M1]. The e-phase is again incommensurate, and 
finally the transition to the C-phasc is of the lock-in type where the modulation wavevector changes 
abruptly and discontinuously from an incommensurate to a rational commensurate value [88M1, 90A1]. 
Infrared vibrational spectra have given evidence that also in (C 3 H 7 NH 3 ) 2 MCl 4 (M = Mn, Cd) there is a 
dynamic disorder of the hydrocarbon chains that freezes more and more as the temperature decreases until 
it is completely frozen finally, e.g. in the C-phase of the Mn-compound with ordered chains [81D3]. For 
an adequate description of the a [3 y 8 phase sequence of the Mn-compound, several models 
have been derived [82M1, 861, 86M3]. One of these [861] uses two order parameters q, and q 2 . The free 
energy functional with terms up to sixth order is very similar to the Landau free energy discussed above 
for the methylammonium compounds. New are the terms with space derivatives 


8 


3q 1 _ chq 
3x dx 



fdm ) 2 Jfa ) 2 

l 3x J UJ 


(2.37) 


where the first term is the above mentioned Lifshitz invariant. In view of this term, q, and q 2 are put as 

ill =- no+ T 0 cosy 0 x q 2 = - q 0 + T 0 siny 0 x (2.38) 

Eq. 2.38 describes a sinusoidal modulation in the incommensurate phase and the modulation wavevector 
should be chosen in such a way that the total free energy becomes a minimum in r/-spacc. The modulation 
is not necessarily sinusoidal and also a new type of soliton solution has been reported for a Landau free 
energy describing the [3 y 8 transitions of (C 3 H 7 NH 3 ) 2 MnCl 4 [83M4]. The models have further 
been extended to four order parameters [88M1, 8912], and one of them has been used to describe the 
8 £ phase sequence of the Mn-compound [88M1]. This model includes a coupling between 

lattice waves and fluctuations of the rotational disorder of the propylammonium chains. In Cu-compounds 
[89J] with the cooperative Jahn-Teller effect and orbital ordering (cf. Fig. 2.7 in Sect. 2.1.3), the ordering 
of the orientation of the long axis of the elongated octahedra is an additional source of order-disorder 
phenomena. The phase sequence of the propylammonium Cu-compound (cf. Table 4) shows also two 
incommensurate phases, but a peculiarity is that on cooling the system jumps from the 8-phase over the e- 
phase directly to the ^-phase and the e-phase can be reached only on heating. In an analysis of their 
results of optical and x-ray studies [94J1], Jahn et al. have shown that the reconstructive phase transition 
8 —> £ is mainly due to octahedron axis switching (OAS) and the other reconstructive C —> q transition 
due to hydrogen-bond switching (HBS). The latter, i.e. the spontaneous reorientation of the H-bonding, is 
the mechanism found in all compounds which have been discussed so far (cf. the discussion on context 
with Fig. 2.34 and Eq. 2.28). The former, a spontaneous 90° switching of the long Jahn-Teller axis of the 
octahedra within every second layer, occurs only in Cu-compounds. A demonstration of this effect is 
obtained by comparing the two crystal structures observed for KtCuF 4 (cf. the discussion in context with 
Fig. 2.8 in Sect. 2.1.3). 

All considerations above have shown that the structural phase transitions in perovskite-type layer 
compounds are of the order-disorder type. And as measure for the disorder in the most disordered high 
temperature phases as compared to the mostly ordered low temperature phases, we consider the total 
change in entropy 
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AS tot = £ AS n 


(2.39) 


n 


where the summation n is over the transition entropies A S a (cf. Eq. 2.18b) of all structural phase 
transitions of a particular compound. In many compounds, there is a major and one or more minor phase 
transitions with large and smaller values of A£ n and A H n (cf. Table 4). For some long-chain compounds 
(C n H 2n+1 NH 3 ) 2 MCl 4 with n>6 (again abbreviated C n MCl), this is illustrated in Fig. 2.40 where the 
change in enthalpy AH due to the phase transitions (cf. Eq. 2.18a) is presented for C„MnCl, C n CuCl, and 
C n CdCl (n = 12 and 14). All these compounds undergo two phase transitions and most of them a major 
and a minor one, except for C^CdCl which shows two transitions of nearly equal strength. For the Mn- 
and the Cu-compounds, the major transition occurs at a lower temperature than the minor one while this 
is reversed for C 12 CdCl. For compounds with more than two phase transitions, the situation is even more 
complicated. Since we do not want to enter into detailed discussions for each compound separately when 
comparing the phase transitions of a number of different compounds, it is reasonable to consider A.S' tol as 
defined in Eq. 2.39 for such a comparison. We recall further that the disorder of a system is usually 
described not by the enthalpy but by the entropy where the experimental data may be compared to 
theoretical models. Let us now start with Rb 2 CdCl 4 and Rb 3 Cd 2 Cl 7 where A.S' 101 results only from the 
tilting of the octahedra [89F1]. Correspondingly, the values of A.S' tot derived from the data in Table 4 are 
relatively small: 2.33 J K 1 mol 1 for Rb 2 CdCl 4 and 3.99 J K 1 mol 1 for Rb 3 Cd 2 Cl 7 . For CjCdCl, C 2 CdCl 
and C 3 CdCl, the values of AS tot are larger (cf. Table 4), namely 11.21, 9.92, and 23.97 J K 1 mol ', 
respectively. This is because the dominant origin of A5 tot is the hydrogen bonding and the dynamical 
disorder connected with it. The model considerations for CjMCl compounds (M = Mn, Fe, Cd; cf. Eqs. 
2.29-2.35) are based on a distribution of the (CF1 3 NF[ 3 ) + groups over four equivalent positions in the 
disordered high temperature phase 14/mrnm (cf. Eq. 2.25). The theoretical value of A.5' 1()l for the disorder 
as corresponding to this model with four possibilities is for two chains per molecule [81R2] 


AS tot = 2 R In 4 = 23.05 J K 1 mol 4 


(2.40) 


where R is the universal gas constant. This A S tot is larger by a factor of two than the experimental value 
for CiCdCl. Obviously the difference in disorder between the THT- and MLT-phases (cf. Table 4) is not 
so large as expected from the model. 

9.12.2.2.5 Long-Chain Compounds 

For C n MCl compounds (M = Mn, Cu, Cd) with longer hydrocarbon chains (n > 5), a linear increase of 
ASjot up to values of more than 240 J K 1 mol 1 for n = 17, 18 is observed. This is illustrated for the Mn-, 
Cu-, and Cd-compounds in Fig. 2.41. For n>5, the conformational disorder in the chains becomes more 
and more the dominant process and the possibilities of disorder increase with the number n of carbon 
atoms. The data in Fig. 2.41 show further that the values of AS lot are, on the average, somewhat higher for 
odd than for even values of n. The gradual change in the dominant mechanism of the phase transitions is 
also reflected by the transition temperatures [83W3]. They depend strongly on the M 2+ -k>n for short 
chains with hydrogen bonding as the dominant effect. As an example, two corresponding transition 
temperatures (cf. Table 4) are T C2 = 257 K and T C3 = 94.4 K for CjMnCl [82W2] and T C2 = 282 K and 
T C3 = 164.2 K for CjCdCl [81R2]. For longer chains (n> 5) with conformational disorder as the dominant 
effect, the transition temperatures are practically independent of M 2+ . For C 7 MnCl and C 7 CdCl [83W3], 
the nearly identical transition temperatures are T cl = 314 K, T C2 = 248 K and T c] = 317 K, T C2 = 250 K, 
respectively. Several theoretical estimates for AStot of the long-chain compounds have been considered 
[78A2, 80H2, 85C1, 850, 89C2] but only one concept was really successful. This is the idea that the 
transition to the high-temperature (FIT) phase with still solid octahedral layers and a liquid-like disorder 
of the chains can be considered as a melting of the hydrocarbon chains [79B3, 79K1, 80B2, 89C2]. More 
precisely, it is the major transition (cf. Fig. 2.40) which corresponds to the melting of the chains [8 IN]. 
The minor transitions usually correspond to a two-fold orientational or torsional disorder of the chains. 
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The entropy change due to the chain melting is expected to be equal to that observed for the melting of n- 
paraffms [79K1] 


AS = 0.9 (n - 2) R per mole chain (2-41) 

The melting of the chains means a rapid diffusion of one or more gauche bonds up and down the chains 
[850] which are nearly all-trans in the ordered state. The factor (n - 2) in Eq. 2.41 arises from the number 
of possibilities for gauch configurations, i.e. the number of R'-C-C-R" configurations in the chain where 
R' and R" are smaller hydrocarbon groups. For the monoammonium compounds under consideration with 
two chains per molecule, we obtain AS = 1.8 (n — 2) R per mole for the melting of the chains. This AS will 
be the largest contribution to A.S' lol and the other contributions will be considerably smaller, cf. the minor 
transitions in Fig. 2.40. Therefore, the AS for chain melting is shown as a solid line in Fig. 2.41 and 
compared there to the experimental values of A.S' t()t and is seen to agree quite well with the experimental 
data. The experimental points are scattered over a width of approximately 20 J K 1 mol 1 which is larger 
than the contributions to A.S' t(11 from most of the minor phase transitions. The "chain melting" model is 
further supported by x-ray diffraction data [89C2] which show a discontinuous abrupt change of the 
interlayer distance d at the structural phase transitions due to the increase of d when the chains become 
disordered. In the FIT-phase, there are narrow diffraction lines corresponding to the inorganic matrix and 
a diffuse scattering zone (0.44-0.53 nm) indicating the high degree of disorder in the chains. The results 
of incoherent neutron scattering [89G1] have been interpreted with a gradient of disorder of the -CH 2 — 
units starting at the NH ; heads fixed to the octahedral layers and increasing towards the CH 3 end group. 

The dynamical properties of the hydrocarbon chains can also be studied as a function of temperature 
by means of infrared and Raman spectroscopy. Such an investigation has been performed for C 10 CdCl 
[84R2] with two inequivalent chains A and B [79K1]. By comparing the infrared and Raman spectra of 
C 10 CdCl to the spectra of C 10 MnCl with only chains of the B-type [76C1] and to the results of normal- 
coordinate calculations, it is possible to discriminate between the vibrational bands of the A- and B- 
chains in the ordered LT-phase. And a complete understanding of these spectra has proved a sound basis 
for the discussion of the IM- and HT-phases (cf. Table 4) where the infrared and Raman spectra reflect 
the conformational disorder of the chains, i.e. the number of additional gauche bonds. The study of partly 
deuterated derivatives of (C 10 H 21 NH 3 ) 2 CdCl 4 , namely (C 9 H 19 CD 2 NH 3 ) 2 CdCl 4 , (C 8 H 17 CD 2 CH 2 NH 3 ) 2 CdCl 4 
and (C f) H| 3 CD 2 C 3 H () NH 3 ) 2 CdCl 4 . has allowed to obtain rather precise information about the position of the 
additional gauche bonds on the chains. Further spectroscopic studies of long-chain compounds include a 
comparison of the vibrational frequencies of the chains in C 8 CdCl, C 12 CdCl, and Ci 6 CdCl with different 
lengths [85R1] and of the data on C 10 CdCl with those of C 10 F1 21 NF[ 3 C1 [85C3] where similar phenomena 
have been observed in four structural phases including a liquid-crystalline phase. With respect to models 
and to a Landau free energy, the long-chain compounds have mostly been treated analogously to liquid 
crystals using existing theories for these systems [79K1, 79B3, 80B2, 81K2, 83K3]. The smectic order 
parameter 0 measures the average tilt angle of the molecules with respect to the layer normal, the order 
parameter S gives the nematic order of the chains averaged over the segments of each chain and over all 
hydrocarbon chains and, finally, a third order parameter describes the order or disorder of the MC1 6 
octahedra and the hydrogen-bonding of the NF1 3 groups. The results of the corresponding model 
calculations are not presented here. With respect to them, the reader is referred to the references, e.g. 
[79B3, 79K1, 80B2]. In many papers, the analogy of the long-chain monoammonium layer compounds 
with lipid bilayers has been emphasized and it has been pointed out that the layer compounds are 
crystalline models of lipid bilayers [79B3, 79K1, 80B2, 81K2, 81N, 83K3, 84N, 85C1]. 


9.12.2.2.6 Diammonium Compounds 

For the discussion of the structural phase transitions in diammonium compounds [NFl 3 (CF[ 2 ) n NF[ 3 ]MCl 4 , 
it is convenient to introduce the abbreviation 2-C n MCl for these compounds. Within the diammonium 
family, 2-C 2 MnCl and 2-C 2 CdCl have a stable structure without phase transitions (cf. Table 4) while the 
compounds with n > 2 undergo several structural phase transitions. The mechanism of these transitions is 
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similar to that of the monoammonium compounds. In the high temperature phases, there is a dynamic 
disorder of the diammoniumalkylene chains which are at both ends fixed to the octahedral layers by 
hydrogen bonds, in contrast to the monoammonium compounds with only one end fixed. The H-bonding 
schemes are illustrated for 2-C 3 MnCl as an example in Figs. 2.42 and 2.43. In the a-phase (Imam) and 
the '/-phase (Pnam), the results of NMR- and NQR-studies [78K1] and of x-ray diffraction [82C] revealed 
two H-bonds to terminal or axial Cl and one H-bond to a bridging or equatorial Cl . In the (3-phase, on 
the other hand, there are one H-bond to a terminal Cl and two H-bonds to bridging Cl as shown in 
Fig. 2.42. But the bonding scheme of the (3-phase could also be intermediate between those two [82C]. 
The disorder of the chains is the cause why in the structure refinement split positions are introduced with 
equal occupation probability of 50% and that two chains are shown symmetrical to the mirror plane in 
Fig. 2.42 for the a- and (3-phases. In the low-temperature '/-phase (cf. Table 4), no split positions have 
been used. The chains are nearly completely ordered in one of two possible positions. But there is still 
some dynamic disorder. The structural phase transitions are governed by rotational motions of rigid 
chains about their long axis or, in other words, by jumping of the chains from one position to the other 
one. 

These dynamics, i.e. essentially the dynamics of the protons, have been studied in detail for the Mn- 
compounds by inelastic and quasi-elastic incoherent neutron scattering. The inelastic scattering monitors 
mainly the dynamics of the NH 3 -group, often in combination with Raman scattering and infrared 
spectroscopic studies [86S1, 87G1, 89G2, 90G2]. In addition to [NH 3 (CH 2 ) n NH 3 ]MnCl 4 with n = 3, 4, 5, 
also partly deuterated samples of [NH 3 (CD 2 ) n NH 3 ]MnCl 4 and [ND 3 (CH 2 ) n ND 3 ]MnCl 4 have been studied 
by quasi-elastic incoherent neutron scattering. Such investigations allow the separation of the influences 
of the C-H and of the N-H protons on the results. As in the case of the monoammonium compounds, the 
experimentally determined elastic incoherent structure factor EISF has been compared to data calculated 
by means of a model which takes the following motions within the [NH 3 (CH 2 ) n NH 3 ] 2+ molecular groups 
into account [89G2, 90G2]: 

type 1: the rigid chains in their all-trans configuration perform jumps over two equivalent positions 
about their main molecular axis. 

type 2: the chains are no longer rigid but become distorted and then the rotational motion consists of 
jumps among four positions corresponding to two equiprobable all-trans conformations and two 
equiprobable twisted conformations. 

type 3: the NH 3 -groups perform independently rotations about their C-N axis. 

For 2-C 3 MCl, the chains occur only in the all-trans conformation as shown for the Mn-compound in Fig. 
2.42. For n >3, also twisted chains are observed which can be thought as originating from uncorrelated 
and independent jumps of the NH 3 -groups among their two positions symmetric to the mirror plane. 
Then, the chain can no longer be considered to be rigid but becomes twisted as presented for the example 
2-C 5 CdCl in Fig. 2.44. These data have been obtained from x-ray diffraction [87N1, 87N2], It is assumed 
in this illustration that the NH 3 -group with N(l) = N( 11) is fixed with its H-bonds while the other NH 3 - 
group with N(2) —» N(12) has jumped to its other position. With equal probability, a second possibility 
for the twisted chain would be that N(l) —» N(11) jumps to its other H-bonding position and N(2) = N(12) 
remains in its place. Thus there are two orientations not only for the all-trans chains but also for the 
twisted chains. 

The fit of the calculated EISF =J{Q) to the experimental data has contributed considerably to the 
understanding of the dynamics of the diammoniumalkylene chains [89G2, 90G2]. In 2-C 3 MnCl with only 
all-trans and no twisted chains, motions of type 1 and 3 contribute to the EISF in the high temperature Gl¬ 
and (3-phases, while only type 3 contributes to it in the y-phase where the chains are ordered (cf. Fig. 
2.43) and no longer jumps over two positions (type 1) occur. But 2-C 4 MnCl and 2-C 5 MnCl have also 
twisted chains in their high temperature phase (OHT for both, cf. Table 4). Thus, the rotational motions of 
type 2 and 3 have to be taken into account for calculating the EISF. In their low temperature phase (cf. 
Table 4; 2-C 4 MnCl: MRT; 2-C 5 MnCl: ORT) where the chains occur only in the all-trans conformation. 
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again types 1 and 3 contribute to the EISF. From the fit of the calculated EISF in both phases, also the 
characteristic times for these types of motions are obtained. Especially for type 3, the times are 
considerably smaller in the high temperature phase (1.34 ps for 2-C 4 MnCl at 440 K) than in the low 
temperature one (7.00 ps for 2-C 4 MnCl at 333 K) [90G2]. In 2-C 3 MnCl, these characteristic times are of 
the same order of magnitude but slightly different for C-H and N-H protons [87G1] indicating that the 
chains are not quite rigid and that the jumps of N-H and C-H protons are somewhat uncorrelated even 
though no twisted chains occur in this compound. One would expect that these results hold also for Cd- 
compounds where no neutron scattering results can be obtained. But some caution is necessary for such a 
conclusion since two frozen-in twisted states have been found in the room temperature structure of 
2-C 4 CdCl [76W1, 81K3] while 2-C 4 MnCl exhibits only all-trans states at 295 K (y-phase, cf. Figs. 2.42 
and 2.43). 

For the high-temperature phases of 2-C 5 MnCl and 2-C 5 CdCl, we define p as the probability for 
twisted chains or the average portion of chains in this state, and 1 - p as the corresponding probabilty for 
all-trans chains. Several methods have been employed to determine p and 1 - p. From incoherent neutron 
scattering results [87G1, 88C1], values of p have been derived for 

2-CjMnCl: p = 0.25 at 310 K and p = 0.50 at 470 K (both in the OHT-phase) 

X-ray diffraction and a structure refinement with two orientations for trans chains and two orientations for 
twisted chains [87N1, 87N2] yielded the value for 

2-C s CdCl: p = 0.45 at 353 K (OHT-phase) 

For the same compound, the temperature dependence of p has been determined over a wide temperature 
range from the intensity ratio of two Raman lines at 420 cm" 1 and 440 cm" 1 [88C2] where the first line is 
assigned to a vibrational mode of the twisted chains and the other to the corresponding mode in all-trans 
chains. The ratio of the reduced intensities, i.e. thermal factors removed, is [88C2, 89N1] 

/ 4 * 20 //440 ~p/(l-p) = A exp (-A H/RT) (2.42) 

where R is again the universal gas constant. The temperature dependence of the experimental data of 
1*420 /1*440 has yielded A H= 17.2 (20) kJ mol 1 for 2-C 5 CdCl [87N2, 88C2], A similar value of A H = 

19.0 kJ mol 1 has been reported for 2-C 5 MnCl [88C 1 ]. AH can be considered the energy necessary to 
excite the twisted state from the trans state, and the twisted states will be less populated than the trans 
states. Since both types of chains are distributed between two mirror-related positions, the excess entropy 
S ex due to the disorder of twisted and all-trans chains is [88C1, 89N1] 

S ex = -R {(1 —p) In [(1 -p)/2] + p In [p/2]} (2.43) 

,S' ex will be at maximum for p = 0.5 which means that the number of twisted chains is equal to the number 
of trans chains. For p > 0-5, S ex will not further increase but decrease. Eq. 2.42 allows us to calculate p as 
a function of temperature. From the experimental data A H= 17.2 kJ mol 1 and p = 0.45 at 353 K, we 
obtain for 2-C 5 CdCl p ~ 0.4 at 337 K (transition ORT OHT, cf. Table 4) and p ~ 0.7 at 400 K (just 
below the transition OHT MHT). The values of S ex calculated with these values of p by means of Eq. 
2.43 do not well agree with the experimental value of AS for the ORT —> OHT phase transition (cf. Table 
4) with only trans chains below the transition and both types of chains above it. Therefore, the value of p 
deduced for 2-C 5 CdCl from x-ray diffraction [87N1, 87N2] is probably overestimated since an ideal 
"twisted chain" model has been assumed in the structure refinement. Although the disorder of the chains 
is the dominant effect for the phase transitions of diammonium compounds, also the MC1 6 octahedral 
layers take part in the dynamical disorder. This was observed for 2-C5CdCl by diffuse x-ray scattering 
[89N1] and it is illustrated for 2-C 3 MnCl in Figs. 2.42 and 2.43 where the structure exhibits a tilting of 
the octahedra and a washboard-like puckering of the layers. 
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Model considerations for the diammonium compounds usually take into account two equivalent 
positions of the trans chains and two of the twisted chains. In one approach for modelling the phase 
transitions of 2-C 3 CdCl, 2-C 4 MnCl, and 2-C 5 CdCl, the occupation numbers for the two positions of the 
trans chains are denoted by «, and n 2 and those for the twisted ones by « 3 and « 4 . Along the lines sketched 
in context with Eqs. 2.29-2.35, an internal energy U =fin u n 2 , « 3 , « 4 ) is set up and the minimum of the 
free energy F - TS is determined and the stability conditions are examined [81K3]. For describing within 
the model not only the low temperature phases but, for example, also the monoclinic high temperature 
(MF1T) phase of 2-C 5 CdCl, other model approaches consider not only the phases with the structures 
Imam (Ibmm), Pnam (Pbnm), Pman (Pbmn) and P12, /al (P2, /b 1 I) but the whole family tree of these 
compounds (cf. Fig. 2.30) including the "parent" structure P4/mmm, i.e. a fictitious THT-phase. A model 
with the usual Landau free energy [89N1] needs for the following three second order transitions THT —> 
OHT (fictitious), THT —> MHT (fictitious) and OHT —> ORT (real, cf. Table 4) three different sets of 
order parameters. The reason is that the phenomena connected with these phase transitions are very 
complex due to the superposition of orientational and conformational disorder of the 
diammoniumalkylene chains. More successful is a multidimensional pseudo-spin model [88C2, 89N1]. If 
we had an order-disorder transition between two phases where a molecule has two possible orientations 
with equal probability in the high-temperature phase and with one orientation more probable in the low 
temperature phase, we can map this problem onto an Ising model with pseudo-spins S — + 1. For our 
actual problem, we need multidimensional pseudo-spins corresponding to the possible orientations of the 
chains in the tetragonal symmetry of the fictitious THT-"parent"-phase. Symmetry considerations lead to 
four orientations of the trans chains and eight orientations of the twisted ones. This multidimensional 
pseudo-spin model attached to the chain orientation can well describe the two fictitious transitions and the 
real one of the compound under consideration and is thus able to account for the unusual sequence of 
phase transitions MHT <-» OHT ORT observed in 2-C 5 CdCl [88C2, 89N1]. 

A final remark on the proton dynamics in these compounds with hydrogen bonding deals with the 
influence of an external electrical field on the protons. An ionic electrical conductivity is established by 
these protons at the terminal N-atoms. Experimentally, the dielectric properties or directly the 
conductivity have been studied in a number of perovskite-type layer stmcutes, namely in diammonium 
compounds [NH 3 (CH 2 ) n NH 3 ]MX 4 

with M = Cu and X = Cl for n = 2 [83A1], 

with M = Fe and X = Cl for n = 2, 3, 7, 8, 9, 10 [86A2, 88A4, 88A5, 95A2] 
with M = Fe and X = Cl!_ x Br x for n = 8, 9 [88A4] 
with M = Cd and X = Cl for n = 2, 3 [92B1] 

The measured values of the conductivity a are with 10' 14 -10“ 5 (Q cm) 1 of the order of magnitude 
expected for an ionic conductivity. It is strongly temperature dependent and follows usually an Arrhenius 
law [83A1, 88A4, 88A5, 92B1] 


a = cr 0 exp (~E e Jk B T) (2.44) 

at least in temperature ranges without structural changes. In Eq. 2.44, E ex is an excitation energy and do a 
factor. It is further worth mentioning that also some monoammonium compounds have been investigated 
with respect to their dielectric properties and their ionic conductivity, for example (CH 3 NH 3 ) 2 CuC1 4 , 
(C 2 H 5 NH 3 ) 2 CuC 1 4 [83A1] and (4-ClC 6 H 4 NH 3 ) 2 MnCl 4 [93M1], 
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a 2 mx 4 




a 



Fig. 2.1. A 2 MX 4 . (a) K 2 NiF 4 - 
structure 14/mmrn in the coordinate 
system ( x 0 ,y 0 ,z 0 ) and (b) description 
as F4/mmm in the coordinate 
system (x,y,z) rotated by 45° 
about the z = z 0 -axis. 


a 2 mx 4 


c-axis 






Fig. 2.2. A 2 MX 4 . Antiferro¬ 
magnetic compounds of the easy- 
axis type, structures of the two 
antiferromagnetic domains: (a) 
Acam and (b) Bbcm. Only the 
M 2+ -ions are shown. The 
orientation of the spins parallel or 
antiparallel to the c-axis is 
indicated by arrows (taken from 
[92G1]). 



a Acam 
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Ca 2 Mn 0 4 



Fig. 2.3. Ca 2 Mn0 4 and K 2 NiF 4 . Magnetic structure 
with antiferromagnetic (a) and ferromagnetic (b) 
interlayer interaction in Ca 2 Mn0 4 and K 2 NiF 4 , 
respectively. Only magnetic ions are shown and only 
one of the two domains for K 2 NiF 4 (Bbcm). The units 
for 2 are the lattice parameters c of the chemical unit 
cell. The orientation of the spins is indicated by arrows 
(after [69C1]). 



Fig. 2.4. A 3 M 2 X 7 . Antiferromagnetic double-layer 

compounds of the easy-axis type, structures of the two 
antiferromagnetic domains: (a) Acaa and (b) Bbcb. 
Only the M 2 -ions are shown. The orientation of the 
spins parallel and anti-parallel to the c-axis is indicated 
by arrows (after [76G1]). 
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Fig. 2.5. A 2 MX 4 . The reciprocal lattice: (a) ( q x0 , q v0 )- 
or (q x , ^ v )-plane with the two coordinate systems 
(details see text) and (b) ( q x , q z )- plane, reciprocal lattice 
points for nuclear Bragg reflections (full squares), for 
antiferromagnetic superreflections domain 1 (open 
circles) and domain 2 (full circles) and the 
antiferromagnetic Bragg rods (thick lines). The units are 
2jt la and 271 1c for both systems where 2n/a( x ,y, z ) = 
^n,a (xW) . 



K 2 FeF 4 ,Rb 2 FeF 4 

A-centering 


a b 

B-centering 




Fig. 2.6. K 2 FeF 4 and Rb 2 FeF 4 with easy-plane anti¬ 
ferromagnetic order. Only the Fe 2+ -ions are shown with 
the preferred spin-directions indicated by arrows 
(parallel to the x- ory-axis) and with A- or B-centering 
of the lattice (domains a-d). From these imaginable four 
domains [79B2], only two were found by neutron 
diffraction in K 2 FeF 4 [82T1], namely domains b) and c) 
with ferromagnetic order in the sheets spanned by the 
spin direction and the c-axis (after [82T1]). 


Fig. 2.7. K 2 CuF 4 . Orbital ordering and collective Jahn- 
Teller effect in K 2 CuF 4 (after [73K1]). Arrows indicate 
the elongation of the Cu-F 6 octahedra. The values of the 
in-plane Cu-F bond lengths n v and the out-of-plane one 
r Qp are taken from results of x-ray diffraction studies 
[74H1], 
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K 2 Cu F 4 



plane 

z = 2.54 nm 


• Cu 2+ 

O r 


y 


plane 

z = 1.91 nm 




Fig. 2.9. Rb 2 CrCl 4 . Room temperature structure Bbcm 
with deformation of the CrCl 6 octahedra resulting from 
orbital ordering and collective Jahn-Teller effect (after 
[83J1]). 


Fig. 2.8. K 2 CuF 4 . Illustration of the Jahn-Teller 
ordering in the layers within a unit cell for the two 
possible structures I4c2 and Acam. The planes are 
labelled by their ^-coordinate in nm and not in the usual 
reduced units since the lattice parameters are different 
for the two structures, c=1.27nm for Acam [83H1] 
and c = 2.54 nm for I4c2 [74H1], 
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Fig. 2.10. RtnCrCLt. The antiferrodistortive order of 
the elongated CrCl 6 octahedra (elongation exaggerated) 
in the plane z = 0 with no difference for the two 
crystallographic domains Acam and Bbcm, but with 
differences in the plane z= 4, as shown in the lower 
part (after [86D1]). 



(CH 3 N H 3 ) 2 Mn Cl 4 





Fig. 2.11. (CHjNIRbMnCLt. The structures of three phases: I4/mmm (THT-phase), Abma (ORT-phase) and P4 2 /ncm 
(TLT-phase) (taken from [75H1] and [76H1]). 
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Fig. 2.12. (CH 3 NH 3 ) 2 MnCl 4 (MLT-phase). (a) Neutron 
diffraction data of a (1, 0, l)-scan at 5.5 and 77 K, and 
(b) (a*, c*) reciprocal lattice plane with a* _L c* for 
domain 1 and with doubling of a* for domain 2 due to 


monoclinic splitting. Open and filled circles refer to 
magnetic and nuclear reflections, resp., taken from 
[90A1], 
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(C n H 2 n + ,NH 3 ) 2 MX 4 [NH 3 -(CH 2 ) m -NH 3 ]MX 4 



Fig. 2.13. (C n H 2n+1 NH 3 ) 2 MX 4 and 
[NH 3 (CH 2 ) m NH 3 ]MX 4 . Schematic 
representation of the staggered 
structure of the bis-alkyl- 
ammonium compounds and the 
eclipsed structure of the alkylene- 
diammonium compounds, after 
[76A2, 77K3, 77K4], 


(CH 3 NH 3 ) 2 MnCI 4 [NH 3 (CH 2 ) 2 NH 3 ] MnCI 4 




Fig. 2.14. (CH 3 NH 3 ) 2 MnCl 4 and [NH 3 (CH 2 ) 2 NH 3 ]MnCl 4 . respectively. For a better comparison, two unit cells are 
Comparison of the room temperature structures Abma shown of the diammonium compound. 

(ORT-phase) and P12j/al, after [75H1] and [78T1], 
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(C„H 2n+1 Ni 

] 3 ) 2 MnCI 4 
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3 

top view 

Fig. 2.16. (CnHjn+iNFfFMXt. Schematic representation of 
the trans and gauche configurations found in alkyl 
chains (taken from [79K1 ]). 

<— 

Fig. 2.15. (C„H 2n+ |NH 3 ) 2 MnCl 4 (n = 1 - 17). M-X bond 
length rip or (ri p ) and interlayer separation d as a 
function of chain length n. The data are taken from 
Table 3 where also the corresponding references are 
compiled. 



(C 13 H 27 NH 3 ) 2 ZnCI. 



(C 10 H 21 NH 3 ) 2 CdCI 4 


(C 14 H 29 NH 3 ) 2 CdCI 4 



Fig. 2.17. (C 14 H 29 NH 3 ) 2 CdCl 4 , (Ci 0 H 21 NH 3 ) 2 CdCl 4 and 
(Ci 3 H 27 NH 3 ) 2 ZnCl 4 . (b, c) and (a, c)-projections, resp., 
of the room temperature structures with the ordered 


arrangement of long alkyl chains (taken from [88S1], 
[79K1] and [85Z1], resp.). 
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Concentration x 


Fig. 2.18. K 2 Cu x Zn 1 _ x F 4 . Variation of the lattice 
parameters a ~ b and c with the Cu 2+ -concentration x. 
The drastic changes on the Cu-rich side are ascribed to 
the collective Jahn-Teller effect and the orbital ordering 
of the Cu 2 ^-ions which persist down to x = 0.4 
according to these and other experimental results (after 
[87J2], experimental data from [86H1 ]). 



Temperature T [K] 


Fig. 2.19. (CH 3 NH 3 ) 2 MnCl 4 . Specific heat C p versus T 
for the range 4 K < T < 400 K, experimental points 

(open circles) [78S2, 79S4] and curves (— and-) 

calculated by means of a lattice dynamical model 


[79G4, 79S4], The extra points (full circles) represent 
the experimental data at the structural phase transitions, 
taken from [75B1] and [77T1], For further explanations, 
see text. 
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Temperature T [K] 

Fig. 2.20. (CH 3 NH 3 ) 2 MnCl 4 . On an expanded scale: the 
anomalies of the specific heat C p at the structural phase 
transitions versus T, the data taken from [78S2], [77T1], 



248 250 252 254 256 258 260 

Temperature T [K] 


and [75B1] for the transitions at about 94 K, 257 K and 
394 K, respectively. For details of the phase transitions, 
see text and Table 4. 
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Temperature T [ 



Temperature T [ 


Fig. 2.21. (CsHyNHdiCuCU. The lattice parameters a, 
b, c and the monoclinic angle a as a function of 
temperature T in the structural phases 6, £, £ and T| (cf. 
Table 4), obtained by x-ray diffraction. The 8-phase has 
an orthorhombic structure (a=90°) and the ^-phase an 
incommensurate one. The data reveal well the 
discontinuous transition £ —> r) near 135 K (taken from 
[94J1]). 


(C 3 H 7 NH 3 ) 2 MnCI 4 (^-phase) 



Fig. 2.22. (CjHyNITbMnCLt. Schematic view of the 
structure of the modulated i^-phase ((b, c)-plane _L a-axis). 
Only the Mn 2+ -ions are shown, the modulation in an 
exaggerated way as a transverse wave running along 


gi (after [88M1]). Four sets of lattice vectors illustrate the 
various possibilities for their choice in the monoclinic 
mirror plane, two for the basic structure and two for a 
new unmodulated one with triplicated unit cell. 
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(CH 3 NH 3 ) 2 CdCl4 



Fig. 2.23. (CH 3 NH 3 ) 2 CdCl 4 . Photographs of the 
domain structure of a nearly single domain sample (a) 
and of a typical multi-domain sample (b). The 


photographs were taken through microscope with a 
magnification of about 100 without using a polarizer 
and analyser (taken from [80G1, 82W4]). 


< 


CIJ 

a5 



200 225 250 275 300 325 350 375 400 425 

Temperature T [K] 


Fig. 2.24. (CH 3 NH 3 ) 2 MnCl 4 and (CH 3 NH 3 ) 2 FeCl 4 . A n=n b -n. d versus 
temperature T, determined by birefringence studies at A = 550 nm. An is zero 
in the tetragonal THT- and TLT-phases and t^O only in the orthorhombic 
ORT-phase between T C1 (cont. pt.) and T C2 (disc, pt.), taken from [74K1], 


Landolt-Bornstein 
New Series III/27J3 













































Phase angle ip [rad] Reflectivity/? 


90 


9.12.2.3 Figures for 9.12.2 and Tables 2, 3 and 4 


[Ref. p. 148 
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0 100 200 300 400 500 600 700 800 900 


Wavenumber v [cm ] 

Fig. 2.25. (CHjNHjIjMnCb. Infrared spectra versus 
wavenumber v for E _L c at T= 180 K: the experi¬ 
mentally determined reflectivity R, the phase angle l// 
obtained by a Kramers-Kronig transform, finally 



0 100 200 300 400 500 600 700 800 900 


Wavenumber v [cm '] 

real part s', and imaginary part e" of the dielectric 
constant calculated by means of Eq. 2.20 and by using 
(n + ik) 2 = s' + is" (after [75L2, 75L3]). Arrows: see 
text. 
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(CH 3 NH 3 ) 2 MnCI 
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Fig. 2.26. (CH 3 NH 3 ) 2 MnCl 4 . Wavenumbers V of the 
infrared active lattice modes for E\\c versus 
temperature in the range 87-103 K where a 
discontinuous phase transition occurs. Broken lines 
denote the modes in the MLT-phase below the 
transition and full lines the modes in the TLT-phase 
above it. The range of overlap near 95-97 K marks the 
thermal hysteresis of the phase transition (taken from 
[77V1]). 


For Fig. 2.27 see next page. 
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Fig. 2.28. (CFfNIR^MnCb. Sound velocities l) s as a 
function of temperature T, indicating the temperature 
dependence of the different elastic stiffness constants 
which are defined with respect to the ( x 0 , y 0 , z 0 ) 
coordinate system, k denotes the propagation direction 
and R the polarization of the ultrasonic wave where 
some of the directions are more conveniently denoted 
with respect to the (x,y, z) system (taken from [79G3, 
80G2]). 
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Fig. 2.27. (CIRNF^^CdCLt. Intensity I versus Raman 
shift Av, demonstrating the temperature evolution of 
the Rayleigh wing and low-lying Raman modes: in the 
a^-spectra (a) and a X y-spectra (b), scattering 


geometries: z(xx)y and z(yx)y. The temperatures are 
indicated at the experimental curves /(Av) and the 
sequence of phase transitions in the center (after 
[83M2]). 


Landolt-Bornstein 
New Series III/27J3 














Ref. p. 148] 


9.12.2.3 Figures for 9.12.2 and Tables 2, 3 and 4 


93 


(C n H 2 n+ 1 NH 3 ) 2 MCI 4 (n = 1,2 - M = Mn, Fe,Cd) 



Fig. 2.29. (C n H 2n+1 NH 3 ) 2 MCL, (n = 1, 2; M = Mn, Fe, 
Cd). Family-tree demonstrating the group-subgroup 
relations between the space groups of the different 
structural phases. Two international symbols for a space 
group indicate different crystallographic domains. k2 
and t2 denote the character of the symmetry reducing 
steps. For further explanations, the reader is referred to 
the text (after [76H2, 77G3, 78H2]). 


[NH 3 (CH 2 ) n NH 3 ] MCI 4 (n = 3,4,5 -M = Mn,Cd) 
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Fig. 2.30. [NH 3 (CH 2 )nNH 3 ]MCl 4 (n = 3, 4, 5; M = Mn, 
Cd). Family-tree demonstrating the group-subgroup 
relations between the space groups of the different 
structural phases. Two international symbols for a space 


group indicate different crystallographic domains. k2 
and t2 denote the character of the symmetry reducing 
steps. For further explanations, the reader is referred to 
the text (after [78K1,88C2]). 
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(C n H 2n+1 NH 3 ) 2 MCI 4 (n = 1,2 - M = Mn, Fe,Cd) 

<7z = <7zo' 



Fig. 2.31. (C n H 2n+l NH 3 ) 2 MCl 4 
(n = 1, 2; M = Mn, Fe, Cd). 
Brillouin zone of the high 
temperature "parent" structure 
14/mrnm with the high symmetry 
points T,X, X, Z and some of its 
equivalents in neighbouring zones. 
In addition to the appropriate (q x o, 
qyO, q z0 ) coordinate system, also 
the {q x , q y , q z ) system is shown 
which is suitable for the low 
temperature phases (after [77G3]). 


(C n H 2n+1 NH 3 ) 2 MCI 4 (n = 1,2 - M = Mn, Fe, Cd) 
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Fig. 2.32. (C n H 2n+l NH 3 ) 2 MCl 4 
(n = 1, 2; M = Mn, Fe, Cd). (q„ 
g'zl-plane in reciprocal space 
showing the boundaries of the 
Brillouin zones of the different 
structural phases (heavy lines) and 
indicating how the high symmetry 
points X and X of 14/mmm 
become T and Z points in the 
reduced Brillouin zones of Abma 
or Brnab and finally all Z points T 
points in the even smaller 
Brillouin zone of P4 2 /ncm. Light 
lines show the relation of these 
Brillouin zones to that of the 
"parent" phase 14/mmm (after 
[83M2]). 
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(C n H 2 n+ 1 NH 3 ) 2 MCI 4 (n = 1,2 - M = Mn, Fe, Cd) 


Abma/Bmab Pccn P42/ncm P4 2 /mmc 14/mmm Fmmm 

<) -► (d 2 ;°) --id; 6 ) --(d 4 9 j -- id; 7 )-- (D 2 2 h 3 > 




Fig. 2.33. (C n H 2n+1 NH 3 ) 2 MCl 4 (n = 1, 2; M = Mn, Fe, 
Cd). Except from the compatibility relations between 
the irreducible representations of the space groups 
involved in the structural phase transitions of these 
compounds. The irreducible representations have been 


selected in order to show that in all cases one 
iireducible representation of a space group becomes the 
unity representation Tf in one of its maximal 
subgroups, thus reflecting the symmetry of the order 
parameter (after [77G3]). 
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(CH 3 NH 3 ) 2 MCI 4 (M = Mn,Fe,Cd) 



Fig. 2.34. (CH 3 NH 3 ) 2 MC1 4 (M = Mn, Fe, Cd). Schematic 
view of the (CH 3 NH 3 ) + -ion in its cavity of the MC1 6 - 
octahedral layer (ORTEP drawing): (a) the "orthorhombic" 
configuration (structure: Bmab) and (b) the "monoclinic" 



configuration (structure: B12[/al). Broken lines indicate 
the hydrogen bonds. Only the H-atoms of the NH 3 group 
are shown, those of the CH 3 group omitted for more clarity 
(after [75C1, 76C2, 83M2]). 



Fig. 2.35. (CH 3 NH 3 ) 2 MnCl 4 . Generalized phonon 
density of states G(co) as obtained from incoherent 
inelastic neutron scattering, i.e. only the motions of the 
protons contribute to G(co) (after [78L1, 80K1]). The 


measurements have been performed at various 
temperatures in the different structural phases: 4 K and 
77 K (MLT-phase), 195 K (TLT-phase), 300 K (ORT- 
phase) and 405 K (THT-phase). 
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(CH 3 NH 3 ) 2 MCI 4 (M = Mn,Fe,Cd) 



Fig. 2.38. (CH 3 NH 3 ) 2 MC1 4 with M = Mn, Fe, Cd. Schematic 
representation of the disordered THT-structure I4/mmm. The 
CT-ions are located at the comers of the octahedra, the M 2+ - 
ions in their center are not shown. The (CH 3 NH 3 ) + molecular 
groups are represented schematically by their C-N axis 
which is inclined by about 20° with respect to the z= z 0 -axis. 
There are four possible orientations of the molecular groups 
numbered 1,2,3,4 (taken from [77K1, 79K5]). 

For Fig. 2.37 see next page. 

Fig. 2.36. (CH 3 NH 3 ) 2 MnCl 4 , (CD 3 NH 3 ) 2 MnCl 4 and 
(CH 3 ND 3 ) 2 MnCl 4 . Frequency distributions P\\(K 2 , CO) (full 
circles) and P±(K 2 , co) (open circles) for the average K 
essentially parallel and perpendicular to the layers, 
respectively, obtained from incoherent inelastic neutron 
scattering with the sample oriented at 45° and 135° to the 
incident beam, respectively. The data reflecting mainly the 
motions of the protons have been collected at 6 K (taken 
from [83 Ml]). 
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9.12.2.3 Figures for 9.12.2 and Tables 2, 3 and 4 


[Ref. p. 148 



Abma 



Bmab 




layer A 


layer B 


P4,/ncm (+) 




layer A layer B 



A2,/bll 




layer A 


layer B 


B12,/al 




layer A 


layer B 


Fig. 2.37. (CH 3 NH 3 ) 2 MC1 4 with M = Mn, Fe, Cd. 

Schematic illustration of the tilting of the MC1 6 
octahedra and the puckering of the octahedral layers in 
the THT-, ORT-, TLT- and MLT-phases. Layers A and 


B correspond to the planes z = 0 and z = 1/2, 
respectively. The ( x 0 , y 0 , z 0 ) and ( x, y, z) coordinate 
systems are also indicated (taken from [83M2]). 
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Fig. 2.39. (CH 3 NH 3 ) 2 CdCl 4 . (T./d-phase diagram, 
showing the critical temperatures for the structural 
phase transitions as a function of hydrostatic pressure 
and also the critical pressure for the transition to the 
high pressure phase (HP), taken from [83M3], The data 
points have been obtained from Raman spectra (full 
circles) [83M3] and from other experimental data (open 
circle) [78H1], 


(C n H 2 n+ 1 NH 3 ) 2 MCI 4 (M = Mn,Cu,Cd) 



0> - 1 - 1 — I — LI- 1 - 1 - 1 - 

325 330 335 340 345 350 355 360 


Temperature T [K] 



'Chain length" n 


Fig. 2.40. (C n H 2n+1 NH 3 ) 2 MCl 4 with M = Mn, Cu, Cd 
and n = 12, 14, abbreviated C n MCl. Graphic represen¬ 
tation of the enthalpy changes AH connected with the 
structural phase transitions. The data have been 
obtained by d.s.c. (taken from [81N]). 


Fig. 2.41. (C n H 2nl ,NH 3 ) 2 MC1 4 with M = Mn, Cu, Cd. 
Total change in entropy AS tot (cf. Eq. 2.39) versus 
number n of C-atoms in the hydrocarbon chains. The 
values of AS tot have been derived from the data in 
Table 4. The line corresponds to the value of AS for the 
melting of the hydrocarbon chains, as obtained for 
n-paraffines (cf. Eq. 2.41 and [79K1]). 
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9.12.2.3 Figures for 9.12.2 and Tables 2, 3 and 4 
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[NH 3 (CH 2 ) 3 NH 3 ] MnCI 4 

a-phase (Imam) 



m m m m m 
a 

view on layer A 

0 | I I I I 



m m m m m 

Fig. 2.42. [NF[ 3 (CF[ 2 ) 3 NF[ 3 ]MnCl 4 . Schematic pictures 
of the crystal structures in the a- (Imam) and p-phases 
(Fmmm). The two possible orientations of the chains 
are shown by full and dashed lines. Layers A and B 
correspond to the planes z = 0 and z = 1/2, respectively. 


p-phase (Fmmm) 




For better clarity, only the NH 3 groups above the layer 
are shown in the view on layer A, together with the H- 
bonding scheme. The mirror planes denoted by "m" are 
important symmetry elements of these structures (taken 
from [78K1]). 
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[NH 3 (CH 2 ) 3 NH 3 ] MnCI 4 


y-phase (Pnam) 



layer B 



-► a 

Fig. 2.43. [NH 3 (CH 2 ) 3 NH 3 ]MnCl 4 . Crystal structure of 
the y-phase (Pnam), view on layers A and B 
corresponding to the planes z = 0 and z = 1/2, 
respectively. For more clarity, only the NH 3 groups 
above the layers A and B are shown, together with their 
H-bonding scheme (taken from [78K1 ]). 


[NH 3 (CH 2 ) 5 NH 3 ] CdCI 4 

m(a x ) m(o x ) 




Fig. 2.44. [NF^CFFFNFfJCdCLt. Schematic represen¬ 
tation of a "twisted" chain which occurs in the OHT- 
phase (Imam/Ibmm) as it has been introduced into the 
structure refinement. The twisted chain N(ll)-C(ln)- 
N(12) is shown by full lines, the corresponding trans 
chain N(l)-C(n)-N(2) by dashed lines, for both 
n = 1,2, ..., 5; (a) perspective view of the chains, (b) 
projection onto the (a,b )-plane (taken from [87N1, 
87N2]). 
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Table 2. Crystallographic Data 


Compound 

T[ K] 

Lattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

a) Fluorides 






K 2 MgF 4 

295 

a = b = 0.3980 

c= 1.3179 

82B2 

[IIl/12a], s.g.: 14/mmm (No. 139), c.s.d. 

Rb 2 MgF 4 

295 

a = b = 0.40584(5) 

c= 1.37991(7) 

73S1 

[III/12a] rep. - s.g.: 14/mmm (No. 139) 


4.2 

a = b = 0.40447(19) 

c= 1.3743(5) 

73S1 

[III/12a], s.g.: 14/mmm (No. 139) 

Tl 2 MgF 4 


a = b = 0.4007 

c= 1.443 

66 V 

[III/4a] rep. - c. sym.: tetragonal 

(NH 4 ) 2 MgF 4 






THT-phase 

295 

a = b = 0.40567(1) 

c= 1.38354(6) 

96S2 

[III/4a], s.g.: 14/mmm (No. 139), c.s.d. 

MLT-phase 

20 

a = 0.57039(7) b = 

0.57298(8) c= 1.3821(2) 

96S2 

s.g.: P^/cl (No. 14), c.s.d. 



P = 

86.995(7)° 



K 2 MnF 4 

295 

a = b = 0.41664(8) 

c= 1.3217(6)*) 

74B1 

[III/12a] rep. - s.g.: 14/mmm (No. 139) 


295 

a = b = 0.4171(3) 

c= 1.3259(16)*) 

68 L 1 

[III/12a], s.g.: 14/mmm (No. 139), c.s.d. 


4.2 

a~b = 0.5871(4) 

c= 1.3242(10) 

68 L 1 

[III/12a], s.g.: Acam or Bbcm (No. 64), c.s.d., (m.u.c.) 

*) The first data are more precise and the second ones provide the complete structure at 295 and 4.2 K 



K 3 MII 2 F 7 

295 

a = b = 0.4187 

c = 2.1586 

82B2 

s.g.: 14/mmm (No. 139), c.s.d. 


4.2 

a = b = 0.4181(3) 

c = 2.155(2) 

79U 

s.g.: 14/mmm (No. 139), (c.u.c.) 

(Rb x K|_ x ) 2 MnF 4 






x = 0 (K 2 MnF 4 ) 

295 

a = b = 0.4188 

c= 1.330 

640 

s.g.: 14/mmm (No. 139) 

x = 0.25 

295 

a = b = 0.4202 

c= 1.348 

640 

s.g.: 14/mmm (No. 139) 

x = 0.5 

295 

a = b = 0.4219 

c= 1.366 

640 

s.g.: 14/mmm (No. 139) 

x = 0.75 

295 

a = b = 0.4232 

c= 1.378 

640 

s.g.: 14/mmm (No. 139) 

x " 1 (Rb 2 MnF 4 ) 

295 

a = b = 0.4249 

c= 1.392 

640 

s.g.: 14/mmm (No. 139) 

Rb 2 MnF 4 

295 

a = b = 0.42295(18) 

c= 1.38883(14) 

73S1 

[III/4a], s.g.: 14/mmm (No. 139) 


4.2 

a = 6 = 0.42124(14) 

c= 1.3834(8) 

73S1 

[III/4a], s.g.: 14/mmm (No. 139), (c.u.c.) 


12 

a = b, c under hydrostatic pressure 

9411 

0 < p < 1.5 GPa, s.g.: 14/mmm, (c.u.c.) 

Rb 3 Mn 2 F 7 

295 

a = b = 0.4222(4) 

c = 2.226(2) 

76N1 

s.g.: 14/mmm (No. 139) 

Cs 2 MnF 4 

12 

a =b= 0.4313 

c = 1.460*) 

9411 

s.g.: 14/mmm (No. 139), (c.u.c.) 


12 

a = b, c under hydrostatic pressure 

9411 

0 < p < 0.7 GPa, s.g.: 14/mmm, c.u.c.) 

*) For Cs 2 MnF 4 , two modifications have been reported: |3-Cs 2 MnF 4 

(14/mmm , see above) and a-Cs 2 MnF 

4 with as yet unknown structure [640] 















Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

K 2 FeF 4 

295 

a = b = 0.414(1) 

c = 1.300(1) 

82T1 

[III/4a], s.g. I4/mmm (No. 139) 


46 

a = 0.5855(3) b 

= 0.5865(3) c = 1.2894(1) 

810 

c. sym.: orthorh. (m.u.c.) 


4.2 

a = b = 0.412(1) 

c = 1.286(3) 

82T1 

s.g.: I4/mmm (No. 139), (c.u.c.) 

K,Fe 2 F 7 


a = b = 0.4130(4) 

c = 2.115(2) 

65P 

[III/4a] rep. - s.g.: I4/mmm (No. 139) 

Rb 2 FeF 4 

55 

a = b = 0.4214(8) 

c= 1.353(2) 

70B1 

[III/12a] rep. - s.g.: I4/mmm (No. 139) 

Tl 2 FeF 4 


a = b = 0.4194 

c = 1.391 

66 V 

[III/12a] rep. - c. sym.: tetragonal 

K 2 CoF 4 

295 

a = b = 0.4073 

c= 1.3087 

82B2 

[III/12a], s.g.: I4/mmm (No. 139), c.s.d. 


105 

a = 6 = 0.5737 

c = 1.3019 

84C1 

s.g.: Acam or Bbcm (No. 64), (m.u.c.) 

K 3 Co 2 F 7 

295 

a = b = 0.4074 

c = 2.1163 

82B2 

s.g.: I4/mmm (No. 139), c.s.d. 

Rb 2 CoF 4 

295 

a = b = 0.4150(1) 

c = 1.3717(3) 

69B1 

[III/12a] rep. - s.g.: I4/mmm (No. 139) 


78 

« = 6 =0.5817 

c = 1.3615 

8311 

s.g.: Acam or Bbcm (No. 64), (m.u.c.) 

T1 2 CoF 4 


a = b = 0.411 

c = 1.405 

63R 

[III/4a] rep. - c. sym.: tetragonal 

K 2 NiF 4 

295 

0 = 6 = 0.4012 

c = 1.3076 

82B2 

[III/4a], s.g.: I4/mmm (No. 139), c.s.d. 


80 

a = b = 0.3994(4) 

c = 1.304(1) 

70B1 

[III/12a] rep. - s.g.: I4/mmm (No. 139), (c.u.c.) 

K 3 Ni 2 F 7 

295 

a = 6 = 0.4015 

c = 2.1073 

82B2 

s.g.: I4/mmm (No. 139), c.s.d. 

Rb 2 NiF 4 


o = 6 = 0.4087 

c = 1.371 

62R 

[III/4a] rep. - s.g.: I4/mmm (No. 139) 


78 

o = 6 =0.5733 

c= 1.3550 

8311 

s.g.: Acam or Bbcm (No.64), (m.u.c.) 

Tl 2 NiF 4 


o = 6 = 0.4051 

c = 1.422 

62R 

[III/4a] rep. - s.g.: I4/mmm (No. 139) 

(NH 4 ) 2 NiF 4 


o = 6 = 0.4084 

c= 1.379 

62R 

[III/4a] rep. - s.g.: I4/mmm (No. 139) 

K 2 CuF 4 

295 

o = 6 = 0.5858(5) 

c = 2.542(2)*) 

74H1 

[ffl/12a], s.g.: I4c2 (No. 120), c.s.d. 


295 

o = 6 = 0.58655(7) 

c = 1.2734(2)*) 

83H1 

s.g.: Bbcm (No. 64), c.s.d., (2 nd d.: Acam) 


2 

0 = 6 = 0.4119(5) 

c = 1.2678(5) 

78W1 

ref. in I4/mmm (No. 139), (m.u.c., not c.u.c.) 

*) Both structures reported for K 2 CuF 4 (I 4 c2 and Bbcm) describe well the deformation of the CuF 6 octahedra due to the orbital ordering and the collective Jahn-Teller effect. 

They differ only by the stacking of the layers (cf Fig. 2.8,). Theoretical considerations show that both ar 

2 equally pc 

issible with nearly the same lattice energy [95N2] 

K 2 CuF 4 : high pressure modificatic 

n,p>p c 

= 9.5 GPa 


9611 


p= 14GPa 

295 

o = 0.6672 6 = 

0.4189 c = 1.1165 

981 

s.g.: Annum (No. 65) 

K 3 Cu 2 F 7 

295 

0 = 6 = 0.4156(3) 

c = 2.052(3) 

81H1 

ref. in I4/mmm (No. 139), orthorh. deformat. 

Rb 2 CuF 4 

295 

o = 6 = 0.4238 

c = 1.329 

88 D 1 

[III/4a], ref. in I4/mmm (No. 139) 














Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Fattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

Cs 2 CuF 4 


a = b = 0.6234(8) 

c = 2.806(1) 

76D4 

s.g.: I4c2 (No. 120) 

T1 2 CuF 4 


a = b = 0.4199 

c = 1.366 

63R 

[III/4a] rep. - ref. in I4/mmm (No. 139) 

K 2 ZnF 4 

295 

a = b = 0.4058(2) 

c= 1.3109(3) 

80H1 

[III/12a], s.g.: I4/mmm (No. 139), c.s.d. 

KiZn 2 F 7 

295 

a = b = 0.4060(3) 

c = 2.1171(9) 

80H1 

[III/4a], s.g.: I4/mmm (No. 139), c.s.d. 

Rb 2 ZnF 4 

295 

a = b = 0.41364(20) 

c = 1.3706(2) 

73S1 

LIII/12a] rep. - s.g.: I4/mmm (No. 139) 


4.2 

a = b = 0.41125(10) 

c = 1.3639(3) 

73S1 

[III/12a], s.g.: 14/mmm (No. 139) 

Tl 2 ZnF 4 


a = b = 0.4105 

c = 1.410 

66 V 

[III/4a] rep. - s.g.: 14/mmm (No. 139) 

(NH 4 ) 2 ZnF 4 


a = b = 0.414 

c = 1.397 

64C2 

[III/4a] rep. - s.g.: 14/mmm (No. 139) 

K 2 CdF 4 

295 

a = b = 0.43612(8) 

c = 1.3266(2) 

73S1 

[III/12a] rep. - s.g.: 14/mmm (No. 139) 

Rb 2 CdF 4 

295 

a = b = 0.44017(8) 

c = 1.39376(12) 

73S1 

[III/12a] rep. - s.g.: 14/mmm (No. 139) 


125 

a = b = 0.43874(10) 

c = 1.3873(2) 

73S1 

[III/12a], s.g.: 14/mmm (No. 139) 

Rb 3 Cd 2 F 7 


a = b = 0.4403 

c = 2.271 

68C2 

[III/4a] rep. - s.g.: 14/mmm (No. 139) 

Cs 2 CdF 4 

295 

no structural data; s.g.: 

I4/mmm (No. 139) predicted from a crystal-chemical analysis [85B2], 


The structure I4/mmm also in accordance with EPR results: Cs 2 CdF 4 : Cr 3 [86A4], Cs 2 CdF 4 : Gd 3 [87TJ 


b) Chlorides, Bromides and Iodides with inorganic A + -ions 


Rb 2 MgCl 4 


a = b =0.4986(2) 

c = 1.6172(6) 

73W1 

[III/12a] rep. - s.g.: 14/mmm (No. 139) 

Rb 2 MgCl 3 Br 


a = b =0.5004(5) 

c = 1.661(1) 

73W1 

[III/12a] rep. - s.g.: 14/mmm (No. 139) 

Rb 2 MgCl 2 Br 2 


a = b = 0.5028(4) 

c = 1.697(1) 

73W1 

[III/12a] rep. - s.g.: 14/mmm (No. 139) 

K 2 CrCl 4 


a = 0.731 

b = 0.734 c= 1.497 

73D1 

[III/4a], orthorhombic unit cell 

Rb 2 CrCl 4 ') 

293 

a»b = 0.7272(18) 

c= 1.577(4) 

83J1 

[III/4a], s.g.: Acam or Bbcm (No. 64) c.s.d. 


77 

a~b = 0.7183(18) 

c= 1.567(4) 

83J1 

s.g.: Bbcm (No. 64), c.s.d., (2 nd d.: Acam) 


5.5 

a~b = 0.7193(18) 

c= 1.572(4) 

83J1 

s.g.: Bbcm (No. 64), (c.s.g.), c.s.d. 

*) In this structure refinement, only the deformation of the octahedra was varied in an otherwise tetragonal crystal. 

Therefore a~b etc. 

Rb 2 CrCl 4 2 ) 

78 

a = 0.7211(2) 

6 = 0.7185(2) c= 1.5698(2) 

86 F 1 

s.g.: Bbcm (No. 64), c.s.d., (2 nd d.: Acam) 


4.2 

a = 0.7197(2) 

b = 0.7173(2) c= 1.5701(2) 

86 F 1 

s.g.: Bbcm (No. 64), (c.s.g.), c.s.d. 


2 ) In this refinement, not only the deformation of the octahedra but also the lattice parameters have been varied according to the orthorhombic symmetry (a^ b). 
Comparison of the results of the two refinements shows that the differences are small. 



















Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

Rb 2 CrCl 3 Br 

295 

a =b = 0.5140 

c= 1.603 

83W1 

ref. in I4/mmm (No. 139) 


90 

a = 0.7201(5) 

6 = 0.7201(5) c = 1.6073(2) 

85F1 

s.g.: Bbcm (No. 64), c.s.d., (2 nd d.: Acam) 


4.2 

a = 0.7189(5) 

6 = 0.7193(5) c = 1.6062(2) 

85F1 

s.g.: Bbcm (No. 64) (c.s.g.), c.s.d. 

Rb 2 CrCl 3 I 

295 

a = b = 0.5158 

c= 1.582 

83W1 

ref. in I4/mmm (No. 139) 

Rb 2 CrCl 2 Br 2 

295 

0 = 6 = 0.5179 

c = 1.642 

83W1 

ref. in I4/mmm (No. 139) 


90 

o = 0.7231(5) 

6 = 0.7248(5) c= 1.6385(5) 

85F1 

s.g.: Bbcm (No. 64), c.s.d., (2 nd d.: Acam) 


4.2 

0 = 0.7116(14) 

6 = 0.7234(14) c= 1.6373(5) 

85F1 

s.g.: Bbcm (No. 64), (c.s.g.), c.s.d. 

Rb 2 CrCl 2 l 2 

295 

o = 6 = 0.5228 

c= 1.742 

83W1 

ref. in I4/mmm (No. 139) 


110 

o = 0.7332(5) 

6 = 0.7340(5) c= 1.7345(3) 

85F1 

s.g.: Bbcm (No. 64), c.s.d., (2 nd d.: Acam) 


4.2 

o = 0.7313(5) 

6 = 0.7321(5) c= 1.7316(3) 

85F1 

s.g.: Bbcm (No. 64), (c.s.g.), c.s.d 

Rb 2 CrClBr 3 

295 

o = 6 = 0.5256 

c= 1.651 

83W1 

ref. in I4/mmm (No. 139) 

Cs 2 CrCl 4 

294 

0 = 6 = 0.5218(1) 

c = 1.6435(3) 

74H2 

ref. in I4/mmm (No. 139) 


78 

o = 6 = 0.5170(l) 

c = 1.6377(3) 

74H2 

ref. in I4/mmm (No. 139) 


4.2 

0 = 6 = 0.5163(1) 

c = 1.6379(3) 

74H2 

ref. in I4/mmm (No. 139) 

(NH 4 ) 2 CrCl 4 


o = 6 = 0.516 

c= 1.563 

70H 

ref. in I4/mmm (No. 139) 

K 3 Mn 2 Cl 7 

300 

o = 6 = 0.5027(5) 

c = 2.5325(10) 

65S 

s.g.: I4/mmm (No. 139), c.s.d. 

Rb 2 MnCl 4 


o = 6 = 0.505(2) 

c= 1.614(5) *) 

77G1 

[III/12a], s.g.: I4/mmm (No. 139), c.s.d. 


293 

o = 6 = 0.5056 

c= 1.6161 *) 

89S1 

s.g.: I4/mmm (No. 139) 


4.2 

o = 6 = 0.5024 

c= 1.6093 

89S1 

s.g.: I4/mmm (No. 139), (c.u.c.) 

*) The first data provide the comp 

lete stru 

Pure, probably at room temperature, while the second ones a 

r e more pre 

cise 

Rb 3 Mn 2 Cl 7 

295 

0 = 6 = 0.505(1) 

c = 2.614(5) 

78G 

s.g.: I4/mmm (No. 139), c.s.d. 

Rb 2 MnCl 3 Br 


o = 6 = 0.5060(3) 

c= 1.6588(8) 

74W1 

s.g.: I4/mmm (No. 139) 

Rb 2 MnCl 2 Br 2 


o = 6 = 0.5073(2) 

c= 1.6924(3) 

74W1 

s.g.: I4/mmm (No. 139) 

Rb 2 MnCl 2 I 2 


0 = 6 = 0.5162(2) 

c= 1.784(1) 

74W1 

s.g.: I4/mmm (No. 139) 

Rb 2 MnBr 4 

295 

o = 6 = 0.537(2) 

c= 1.732(5) 

79G2 

s.g.: I4/mmm (No. 139), c.s.d. 

Cs 2 MnCl 4 

295 

0 = 6 = 0.5135(3) 

c= 1.688(1) 

74W1 

[III/12a], s.g.: T4/mmm (No. 139) 

Besides the structure at 295 K (I4/mmm) with corner-sharing MnCU octahedra, there is a high temperature modification of Cs 2 MnCl 4 with isolated MnClg tetrahedra 

[66S1] 






Cs 2 MnCl 3 Br 


0 = 6 = 0.5169(3) 

c= 1.725(1) 

74W1 

s.g.: I4/mmm (No. 139) 















Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

(NH 4 ) 2 MnCl 4 


a = b = 0.5049(2) 

c= 1.6148(7) 

74W1 

s.g.: I4/mmm (No. 139) 

(NH 4 ) 2 MnCl 2 Br 2 


a = b = 0.5055(5) 

c= 1.683(1) 

74W1 

s.g.: I4/mmm (No. 139) 

(NH 4 ) 2 MnCl 2 I 2 


a = b = 0.5102(4) 

c= 1.771(1) 

74W1 

s.g.: I4/mmm (No. 139) 

Rb 2 CuCl 4 *) 

295 

a = 0.7197(2) 

6 = 0.7187(2) c= 1.5534(1) 

74W2 

[III/12a], s.g.: Bbcm (No. 64), c.s.d. 

(NH 4 ) 2 CuC1 4 *) 

295 

a = 0.720(1) 

b = 0.720(1) c= 1.546(2) 

64W 

[III/4a], s.g.: Bbcm (No. 64), c.s.d. 

*) For Rb 2 CuCl 4 and (NH 4 ) 2 CuC1 4 , X-ray diffraction data have also been indexed and analysed in the space group Pnma [7 1J1 ] which is the structure of Cs 2 CuCl 4 with 

isolated CuCl 4 tetrahedra. But in view o 

f the results on (C n H 2 n+ 1 NH 3 ) 2 CuCl 4 the above data seem to be more reliable 

Rb 2 CuCl 3 Br 

295 

a = 0.7206(4) 

b = 0.7224(4) c= 1.5920(4) 

74W2 

[III/12a], s.g.: Bbcm (No. 64), c.s.d. 

Rb 2 CuCl 2 Br 2 

295 

a = 0.7242(2) 

b = 0.7260(2) c= 1.6252(2) 

74W2 

[in/12a], s.g.: Bbcm (No. 64), c.s.d. 

Rb 2 CdCl 4 

a-phase (Go) 

295 

a = b = 0.5207(1) 

c = 1.6169(2) 

89K 

s.g.: I4/mmm (No. 139), c.s.d. 


160 

a = b = 0.5190(1) 

c= 1.6109(2) 

89K 

s.g.: I4/mmm (No. 139), c.s.d. 

P-phase (Gi) 

105 

a = 0.7307(3) 

b = 0.7362(3) c = 1.6045(4) 

89K 

s.g.: Pccn*) (No. 56), c.s.d. 

*) S 7 Rb-NMR results [90A4] are in favour of the space groups Abma or Bmab for the [3-phase (Gi) as proposed earlier [85C1, 85C2]ybr this phase 

Rb 3 Cd 2 Cl 7 

a-phase (Go) 

293 

a = b = 0.5197 

c = 2.6366 

88 A 1 

s.g.: I4/mmm (No. 139) 

p-phase (GO 

190 

a = 0.7341 

6 = 0.7341 c = 2.6235 

88A1 

s.g.: Bbmm (No. 63), 2 nd d.: Amam 

y-phase (G 2 ) 

150 

a = b = 0.7339 

c = 2.6157 

88 A 1 

s.g.: P4 2 /mnm (No. 136) 

Rb 4 Cd 3 Cl 10 

a-phase (G 0 ) 

293 

a = b = 0.5182 

c = 3.6693 

90B2 

s.g.: I4/mmm (No. 139) 

P-phase (GO 

210 

rt = 0.7318 

6 = 0.7318 c = 3.6572 

90B2 

s.g.: Bmcb = Bmab (No. 64), 2 nd d.: Abma 

y-phase (G 2 ) 

150 

a = b = 0.7317 

c = 3.6430 

90B2 

s.g.: P4 2 /ncm(No. 138) 

8 -phase (G 3 ) 

100 

a = 0.7476 

6 = 0.7166 c = 3.6256 

90B2 

s.g.: B12 3 /c 1 = B12,/al (No. 14), 2 nd d.: Alx/bl 1 

Cs 2 CdCl 4 


a = b = 0.526 

/?= 90.64° 

c= 1.688 

64S1 

[III/4a] rep. - s.g.: I4/mmm (No. 139) 

Cs 3 Cd 2 Cl 7 


a = b = 0.5241(5) 

c = 2.724(1) 

68S1 

s.g.: I4/mmm (No. 139) 






















Table 2. Crystallographic Data (continued) 


Compound 

T[ K] 

Lattice parameters [nm] and angles [deg] 


Ref. 

Remarks 

c) Chlorides and Bromides with 

organic 

A + -ions 





(CH 3 NH 3 ) 2 CrCl 4 

295 

a = 0.727 

b = 0.743 

c= 1.889 

78B1 

ind. in Cmca (No. 64), [85B1]: s.g.: Aba2 (No. 41) 


87 

a = 0.719 

b = 0.743 
/3= 90.8° 

c= 1.880 

78B1 

ind. inP^/cl (No. 14) 


4.2 

a = 0.716 

b = 0.742 
/3= 90.9° 

c= 1.882 

78B1 

ind. inP^/cl (No. 14) 

(C 2 H 5 NH 3 ) 2 CrCl 4 

295 

a = 0.759 

& = 0.735 

c = 2.141 

78B1 

ind. in Cmca (No. 64) 

(C 3 H 7 NH 3 ) 2 CrCl 4 

295 

a = 0.761 

= 0.736 

c = 2.471 

82S1 

ind. in Cmca (No. 64) 

(C 5 H„NH 3 ) 2 CrCl 4 

295 

a = 0.747 

b = 0.737 

c = 3.562 

82S1 

ind. in Cmca (No. 64) 

(C 12 H 25 NH 3 ) 2 CrCl 4 

295 

a = 0.745 

b = 0.720 

c = 6.21 

82S1 

ind. in Cmca (No. 64) 

(C 6 H 5 CH 2 NH 3 ) 2 CrCl 4 

295 

a = 0.760 

b = 0.744 

c = 3.145 

86B1 

ind. in Cmca (No. 64) 

(C 6 H 5 CH 2 NH 3 ) 2 CrBr 4 

(CH 3 NH 3 ) 2 MnCl 4 

295 

a = 0.786 

& = 0.767 

c = 3.247 

87B1 

ind. in Cmca (No. 64) 

THT-phase 

404 

a = b = 0.5133(4) 

c= 1.951(1) 

75H1 

[III/12a], s.g.: I4/mmm (No. 139), c.s.d. 

ORT-phase 

293 

a = 0.7276(3) 

& = 0.7215(3) 

c= 1.941 (1) 

75H1 

LIII/12a], s.g.: Abma (No. 64), c.s.d. (2 nd d.: Bmab) 

TLT-phase 

188 

a = b = 0.723(1) 

c= 1.932(2) 

76H1 

[III/12a], s.g.: P4 2 /ncm (No. 138), c.s.d. 

MLT-phase 

90 

a = 0.713 

b = 0.725 
/3= 92.17° 

c= 1.930 

74K1 

[III/12a] rep. -c. sym.: monoclinic, [77K1 ]: s.g.: 
B^/al (No. 14), (2 nd d.: A2 x Po\ 1) 

(CD 3 ND 3 ) 2 MnCl 4 

4.2 

High pr 

a = 0.707 

sssure experiments: 

b = 0.725 

P= 92.5° 

c= 1.900 

90 A1 

s.g.: B12!/al (No. 14) 

p = 2 10 s Pa (ORT) 

293 

a = 0.7196(7) 

b = 0.7230(7) 

c= 1.9316(17) 

89C1 

s.g.: Bmab (No. 64), (2 nd d.: Abma) 

p = 2 ■ 10 s Pa (MLT) 

60.4 

a = 0.7126(4) 

b = 0.7249(4) 

P = 92.51(6)° 

c= 1.9455(19) 

93C1 

s.g.: B12!/al (No. 14), (2 nd d.: A2,/bl 1) 

Alternative description for 60.4 K. 


a =0.7126(4) 

b = 0.72149(4) 

P = 112.32° 

c= 1.0505 

93C1 

s.g.: P12 3 /al (No. 14) 

p = 2 ■ 10 s Pa (MLT) 

1.4 

a = 0.7124(6) 

b = 0.7245(8) 

P = 92.66(11)° 

c= 1.937(4) 

93C1 

s.g.: B12 3 /al (No. 14), (c.s.g.) 



















Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

(CD 3 ND 3 ) 2 MnCl 4 (cont.) 
p= 19- 10 8 Pa (ORT) 

293 

a = 0.6987(9) 

b = 0.7050(7) 

c= 1.8924(19) 

89C1 

s.g.: Bmab (No. 64), (2 nd d.: Abma) 

p = 21 • 10 8 Pa (HP) 

293 

a = 0.6871(10) 

b = 0.7419(20) 

P= 83.02(20)° 

c= 1.7186(21) 

89C1 

approximately monoclinic unit cell 

p = 25 ■ 10 8 Pa (HP) 

293 

a = 0.6919(8) 

b = 0.7244(10) 

c= 1.7189(9) 

93C1 

s.g. PI (No. 1) or P 1 (No. 2) 



a =88.70(9)° 

P= 83.51(9)° 

y= 89.53(16)° 




1.4 

a = 0.6881(8) 

b = 0.6919(12) 

c= 1.7121(27) 

93C1 

s.g.: PI (No. 1) orPl (No. 2), (c.s.g.) 



a =88.44(7)° 

P= 83.52(12)° 

7 = 87.62° 


(C 2 H 5 NH 3 ) 2 MnCl 4 







THT-phase 

>424 

a = b = 0.520(1) 

c = 2.233(5) 

77D1 

s.g.: I4/mmm (No. 139) 

ORT-phase 

294 

a = 0.7355(3) 

b = 0.7260(3) 

c = 2 . 210 ( 1 ) 

78D1 

[III/12a], s.g.: Abma (No. 64), c.s.d. 

OLT-phase 

(C 3 H 7 NH 3 ) 2 MnCl 4 

126 

a = 0.7325(8) 

b = 0.7151(1) 

c = 2.2035(19) 

77D2 

s.g.: Pbca (No. 61), c.s.d., (2 nd d.: Pcab) 

a-phase 

>450 

a = b = 0.520(1) 

c = 2.789(5) 

77D1 

s.g.: I4/mmm (No. 139) 

p-phase 

400 

a = 0.740(1) 

b = 0.734(1) 

c = 2.745(10) 

77D1 

s.g.: Abma (No. 64), (2 nd d.: Bmab) 

y-phase 

360 

a = 0.739(1) 

b = 0.725(2) 

c = 2.672(5) 

81D2 

inc.str.: N A yn (5, 0 , 1 ), c.s.d., ( 2 nd d.: N B m 



q 0 = 5 ■ a* + c* with 5= 0.178 



5-phase 

295 

a = 0.7468(2) 

b = 0.7247(2) 

c = 2.5798(20) 

79D1 

[III/12a], s.g.: Abma (No. 64), (2 nd d.: Bmab) 


182 

a = 0.7458(9) 

b = 0.7169(9) 

c = 2.561(5) 

78D2 

s.g.: Abma (No. 64), c.s.d. 

e-phase 

130 

a = 0.7436(4) 

b = 0.7310(6) 

c = 2.5438(12) 

89S2 

inc.str.: P'^yi' ( 0 ,a, 0 ) 



q 0 = <J ■ b* with < 7 = 1/3 + 8= 0.363(2) 



#0 = <7 ■ b* — > q 0 = j ( b * ± c*) at the phase transition e —> £ (lock- 

in transition) 




i^-phase 

4.2 

a = 0.744 

b = 0.710 

c = 2.530 

90 A1 

basic structure A2i/bl 1 (No. 14) of C -phase modulated 



a= 90.2° 




with q Q = ^ ( b * + c*) 












Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

(C 3 H 7 NH 3 ) 2 MnCl 4 (cont.) 







Alternative description of commensurately modulated ,-phase 

as a new structure (triplication of the unit cell), cf. Fig. 2.22 

A) 

79.5 

a= 0.7453 

a= 105.37° 

b = 2.1306 

c= 1.3121 

83D1 

s.g.: P2 3 /bl 1 (No. 14) 


4.2 

a = 0.744 

6 = 2.130 

c = 1.315 


s.g.: P2 i/b 11 (No. 14), calculated from the data in 



a = 105.86° 




[90A1], see above 

B) 

4.2 

a = 0.744 

6 = 3.938 

c = 1.315 


s.g.: P2!/nl 1 (No. 14), calculated from the data in 



a= 31.35° 




[90A1], see above 

(C 4 H 9 NH 3 )MnCl 4 

294 

a = 0.73356(6) 

6 = 0.72512(8) 

c = 3.1880(6) 

79D2 

s.g.: Abma (No. 64), c.s.d., (2 nd d.: Bmab) 

(C 5 H 11 NH 3 ) 2 MnCl 4 

293 

a = 0.7284(2) 

6 = 0.7352(2) 

c = 3.6134(5) 

95F1 

s.g.: Bmab (No. 64), (2 nd d.: Abma) 

(C 6 H 13 NH 3 ) 2 MnCl 4 

295 

a = 0.734(1) 

6 = 0.725(1) 

c = 3.980(15) 

79D1 

assumed s.g.: Abma (No. 64) 

(C 7 H 1 5 NH 3 ) 2 MnCl 4 

293 

a = 0.7282(3) 

6 = 0.7319(4) 

c = 4.2904(9) 

95F1 

s.g.: Bmab (No. 64), (2 nd d.: Abma) 

(C 8 H 17 NH 3 ) 2 MnCl 4 

295 

a = 0.7345(6) 

6 = 0.7270(6) 

c = 4.508(8) 

79D1 

assumed s.g.: Abma (No. 64) 

(C 9 H 19 NH 3 ) 2 MnCl 4 

293 

a = 0.7289(9) 

6 = 0.7338(9) 

c = 5.288(1) 

95F1 

s.g.: Bmab (No. 64), (2 nd d.: Abma) 

(C 10 H 21 NH 3 ) 2 MnCl 4 

295 

a = 0.7213(8) 

6 = 0.7337(2) 

/3= 94.64(5)° 

c = 2.6747(21) 

76C1 

s.g.: P^/al (No. 14), c.s.d., (2 nd d.: P2 3 /bl 1) 

(4-ClC 6 H 4 NH 3 ) 2 MnCl 4 

(CH 3 NH 3 ) 2 FeCl 4 


a = 0.721 

6 = 0.728 

c = 3.322 

79B4 

c. sym.: orthorhombic 

THT-phase 

>333 

a = b = 0.51 

c= 1.92 


71M1 

LIII/12a], s.g.: 14/mmm (No. 139), cf. [78H2] 

ORT-phase 

295 

a = 0.727 

6 = 0.7235 

c= 1.940 

82M2 

c. sym.: orthorh., [78H2] : s.g.: Abma or Bmab 

(C 2 H 5 NH 3 ) 2 FeCl 4 

295 

a = 0.7314 

6 = 0.7238 

c = 2.190 

83S1 

s.g.: Dj* (No. 64), not specified: Abma or Bmab 

(CH 3 NH 3 ) 2 CuC1 4 

297 

a = 0.7268(4) 

6 = 0.7367(4) 

/3 = 110.89(1)° 

c = 0.9971(3) 

87P 

[ffl/12a], s.g.: P12[/al (No. 14), c.s.d. 

Alternative description for 297 K: 


a = 0.7279(4) 

6 = 0.7370(7) 

/3= 90.46(4)° 

c= 1.8648(5) 

87P 

s.g.: B^/al (No. 14), (2 nd d.: A2!/bll) 


100 

a = 0.7155(4) 

6 = 0.7424(4) 

/3= 109.18(7)° 

c = 0.9814(3) 

87P 

s.g.: P^/al (No. 14), c.s.d., (2 nd d.: P2 3 /bl 1) 















Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

(CD 3 ND 3 ) 2 CuC1 4 

400 

a = b = 0.5203(1) 

c= 1.8767(6) 

(CjHjNHj^CuCU 

<8.84 

o = 0.7432 
a=92.5° 

b = 0.7035 c 

a-phase 

367 

o = 0.7474 

b = 0.7466 c 

P-phase 

361 

o = 0.7456 

b = 0.7482 c 

j8 = 90° 

y-phase 

(C 3 H 7 NH 3 )2CuCl4 

295 

o = 0.747(1) 

b = 0.735(1) c 

a-phase 

450 

a ~ b — 0.7506(6) 

c = 2.645(2) 

P-phase 

433 

o = 0.7530(5) 

b = 0.7474(4) c 

y-phase 

400 

o = 0.7592(3) 
q 0 = 8 ■ a* with 8 = 

b = 0.7427(2) c 

0.175(5) 

5-phase 

360 

a = 0.7653(3) 

b = 0.7394(3) c 


295 

a = 0.765 

b = 0.733 c 


215 

a = 0.7581(6) 

b = 0.7252(3) c 

e-phase 

185 

a = 0.756 

a= 33.04° 

b = 1.268 c 

Alternative description at 185 K 


a =0.756 
a= 90.79° 

b = 0.724 c 

i^-phase 

165 

a = 0.755 
a= 91.31° 

b = 0.723 c 

Alternative description at 165 K 


a = 0.755 
ce= 33.12° 

b = 1.260 c 

<jr 0 = <5 • 6* + cr • c* 


Interchange a<r^ b at the phase transition 
T)-phase 94 

22 


with 8= 0.575(3) and cr= 0.079(2) 
C^ri 

a = 0.733 b = 0.752 

a= 93.48° 
a = 0.730 
a= 93.72° 


1.859 

2.1355 

2.1340 

2.118(2) 


2.614(2) 

2.566(1) 

2.486(2) 

2.466 

2.458(1) 

1.278 

2.441 

2.431 

1.276 


2.425 


b = 0.748 


c = 2.419 


Ref. 

Remarks 

84S1 

ind. in I4/mmm, [89J]: s.g.: Bbcm (No. 64) 

83S2 

c. sym.: monoclinic, (s.g.: probably A2i/b 11) 

89J 

[III/12a], s.g.: Bbcm (No. 64) 

89J 

s.g.: B12j/al (No. 14) 

70S1 

s.g.: Pbca (No. 61), c.s.d. 

90D1 

s.g.: Bbcm (No. 64), c.s.d. 

90D1 

s.g.: Pbca (No. 61), c.s.d. 

90D2 

inc.str.: P pb “(5,0,0) 

90D1 

s.g.: Pbca (No. 61), c.s.d. 

70B2 

[III/12a] rep. - s.g.: Pbca (No. 61), c.s.d. 

89D1 

s.g.: Pbca (No. 61) 

94J1 

s.g.: P2 1 /nll (No. 14) 

94J1 

s.g.: A2 1 /bll (No. 14) 

94J1 

inc. str. - basic structure: A2|/bll (No. 14) 

94J1 

inc. str.: P 12 ( ” (0, 8, a) - basic structure: 

P2!/nll or, equivalently, A2]/b 11 (No. 14) 

94J1 

s.g.: P2 1 /cll (No. 14) 

94J1 

s.g.: P2 1 /cll (No. 14) 













Table 2. Crystallographic Data (continued) 


Compound 

T[ K] 

Lattice parameters [nm] and angles [deg] 


Ref. 

Remarks 

(C 4 H 9 NH 3 ) 2 CuC1 4 


a = 0.730 

b =0.743 

c = 3.081 

72C1 

c.sym.: orthorhombic 

(C 5 H n NH 3 ) 2 CuCl 4 


a = 0.7381 

b = 0.7506 

c = 3.481 

72C1 

[III/12a], c. sym.: orthorhombic 

(C 10 H 21 NH 3 ) 2 CuC1 4 


a = 0.7246 

b = 0.7568 

c = 5.105 

72C1 

c. sym.: orthorhombic 

(CH 2 OH-CH 2 -NH 3 ) 2 CuC1 4 

295 

a = 0.7431 

6 = 0.7511 

P = 89.56° 

c = 2.1624 

87L1 

s.g.: C 12/cl (No. 15) 

[C 6 H 5 NH 3 ] 2 CuC1 4 

295 

a = 0.7180(1) 

b = 0.7443(1) 

P = 100.71(1)° 

c= 1.5050(2) 

74L1 

s.g.: P12!/al (No. 14), c.s.d. 

[C 6 H 5 CH 2 NH 3 ] 2 CuC1 4 

295 

a = 0.759 

b = 0.728 

c = 3.130 

76D2 

ind. in Pbca (No. 61) 

[C 6 H 5 (CH 2 ) 2 NH 3 ] 2 CuC1 4 

295 

a = 0.7328(1) 

6 = 0.7295(1) 

c = 3.8618(5) 

90W1 

s.g.: Pcab (No. 61), c.s.d. 

[C 6 H 5 (CH 2 ) 3 NH 3 ] 2 CuC1 4 

295 

a = 0.739 

b = 0.730 

c = 4.023 

76D2 

ind. in Pbca (No. 61) 

[C 6 H 5 (CH 2 ) 4 NH 3 ] 2 CuC1 4 

295 

a = 0.766 

b = 0.742 

c = 4.344 

76D2 

ind. in Pbca (No. 61) 

[COOH(CH 2 ) 2 NH 3 ] 2 CuC1 4 

295 

a = 0.7402(2) 

b = 0.7734(1) 

P= 91.82(1)° 

c = 2.4236 

81W2 

s.g.: 112/cl (No. 15) 

(CH 3 NH 3 ) 2 CuCl 2 Br 2 

295 

a = 0.7358(1) 

b = 0.7354(1) 

c= 1.9209(4) 

91W1 

s.g.: Acam (No. 64), c.s.d., disorder (cf. Table 3) 

(CH 3 NH 3 ) 2 CuBr 4 


a = 0.7644 

b = 0.7815 

c= 1.918 

72C1 

c. sym.: orthorhombic 

(C 2 H 5 NH 3 ) 2 CuBr 4 


a = 0.772 

b = 0.795 

c = 2.150 

72C1 

[III/12a], c. sym.: orthorhombic 

(C 3 H 7 NH 3 ) 2 CuBr 4 


a = 0.769 

b = 0.807 

c = 2.434 

72C1 

[III/12a], c. sym.: orthorh., [77K2]: s.g.: Pbca 

(C 4 H 9 NH 3 ) 2 CuBr 4 


a = 0.7708 

b = 0.7931 

c = 2.865 

72C1 

c. sym.: orthorhombic 

[C 6 H 5 CH 2 NH 3 ] 2 CuBr 4 


a = 1.0558 

b = 1.0486 

P= 98.08° 

c = 6.3473 

92Z2 

s.g.: probably A12/al (No. 15) 

[C 6 H 5 (CH 2 ) 2 NH 3 ] 2 CuBr 4 

295 

a = 0.7654(4) 

b = 0.7756(4) 

c = 3.8042(18) 

90W1 

s.g.: Pcab (No. 61), c.s.d. 

[C 6 H 5 (CH 2 ) 3 NH 3 ] 2 CuBr 4 


a = 0.7774 
a= 90.89° 

b = 0.7804 

P= 100.77° 

c = 3.9350 
y= 88.54° 

92Z2 

s.g.: probably P 1 (No. 2) 

[COOH(CH 2 ) 2 NH 3 ] 2 CuBr 4 


a = 0.7661(1) 

b =0.8021(1) 

P= 92.49(2)° 

c = 2.4295(7) 

83W2 

s.g.: 112/cl (No. 15), c.s.d. 

(C 2 H 5 NH 3 ) 2 PdCl 4 


a = 0.744 

b = 0.802 

c = 2.051 

77W2 

s. sym.: orthorhombic 

(C 3 H 7 NH 3 ) 2 PdCl 4 

295 

a = 0.7404(3) 

b = 0.8038(4) 

P= 109.20(2)° 

c= 1.242(1) 

77W2 

s.g.: P12!/al (No. 14), c.s.d., (2 nd d.: P2[/bl 1) 










Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

(CH 3 NH 3 ) 2 CdCl 4 







THT-phase 

493 

a = b = 0.5302(3) 

c= 1.934(1) 

76C2 

s.g.: I4/mmm (No. 139), c.s.d. 

ORT-phase 

294 

a = 0.7483(1) 

b = 0.7384(2) 

c= 1.922(3) 

75C1 

s.g.: Abma (No. 64), c.s.d., (2 nd d.: Bmab) 

TLT-phase 

234 

a = b = 0.7430(4) 

c= 1.920(2) 

75C1 

s.g.: P4 2 /ncm (No. 138), c.s.d. 

MLT-phase 

147 

a = 0.7313(5) 

b = 0.7467(3) 

/?= 91.05(4)° 

c= 1.937(1) 

76C2 

s.g.: BWal (No. 14), c.s.d., (2 nd d.: A2,/bll) 

Alternative description at 147K: 


a = 0.7313(5) 

b = 0.7467(3) 

P= 111.60(4)° 

c= 1.0415(6) 

76C2 

s.g.: P12!/al (No. 14), c.s.d. 

(C 2 H 5 NH 3 ) 2 CdCl 4 

ORT-phase 

295 

a = 0.7464(1) 

b = 0.7565(1) 

c = 2.1879(7) 

77C2 

s.g.: Bmab (No. 64), c.s.d., (2 nd d.: Abma) 

OLT-phase 

178 

a = 0.7354(4) 

b = 0.7478(5) 

c = 2.211(3) 

77C2 

s.g.: Pcab (No. 61), c.s.d., (2 nd d.: Pbca) 

(C 3 H 7 NH 3 ) 2 CdCl4 

ORT-phase 

210.0 

a = 0.7607(3) 

b = 0.7370(3) 

c = 2.5184(6) 

88D2 

s.g.: Abma (No. 64), (2 nd d.: Bmab) 

INC-phase 

153.0 

a = 0.7585(5) 

b = 0.7359(1) 

c = 2.5053(6) 

88D2 

me. str.: P sT1 (0, a, 0) 



q 0 = G b* with a = 

0.418(5) 




q 0 = G ■ b* —> q 0 = b* at the phase transition INC — > OLT (lock- 

in transition) 




OLT-phase 

130.5 

a = 0.7568(5) 

b = 0.7359(1) 

c = 2.5515(8) 

88D2 

s.g.: Pbca (No. 61), description of modulated phase as 
commensurate structure 

(C 8 H 17 NH 3 ) 2 CdCl 4 

HT-phase 

353 

a = 0.749(1) 

b = 0.758(1) 

c = 4.788(9) 

83C1 

ind. in Amaa (No. 66) 

LT-phase 

243 

a = 0.741(2) 

b = 0.753(2) 
j0= 96.55(28)° 

c = 4.534(20) 

83C1 

ind. inP^j/nl (No. 14) 

(C 9 H 1Q NH 3 ) 2 CdCl 4 

LT-phase 

295 

a = 0.7819 

b = 0.7990 

P= 95.88° 

c = 4.6410 

95K 

c. sym.: monoclinic, ind. in P12i/nl (No. 14) 

(C 10 H 21 NH 3 ) 2 CdCl 4 

HT-phase 

318 

a = 0.7460(2) 

b = 0.7546(2) 

c = 5.464(2) 

79K1 

s.g.: Amaa (No. 66) 

IM-phase 

308 

a = 0.740(2) 

b = 0.754(2) 

c = 5.162(6) 

830 

c. sym.: orthorh., [79K1]: s.g.: Pmnn (No. 58) 

LT-phase 

294 

a = 0.7354(1) 

b = 0.7545(1) 

P = 91.74(1)° 

c = 5.1620(3) 

79K1 

s.g.: P12!/nl (No. 14) 
















Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

(C 12 H 25 NH 3 ) 2 CdCl 4 







HT-phase 

360 

a = b = 0.5310(1) 

c = 6.431(4) 

85C1 

c. sym.: tetragonal 

IM-phase 1 

334 

a = 0.7470(7) 

b = 0.7553(7) 

c = 6.350(4) 

85C1 

ind. in Amaa (No. 66) 

LT-phase 

293 

a = 0.7463(1) 

6 = 0.7523(1) 

P= 96.54(2)° 

c = 5.9152(8) 

85C1 

ind. inP^/nl (No. 14) 

(C 14 H 29 NH 3 ) 2 CdCl 4 

a-phase 

>352 

a = 0.746(1) 

b = 0.754(1) 

c = 3.577 

88S1 

c. sym.: orthorhombic 

y-phase 

348 

a = 0.732(3) 

b = 0.745(2) 

c = 3.360 

7= 92.2(2)° 

88S1 

c. sym.: monoclinic 

e-phase 

298 

a = 0.7329(2) 
a= 98.19(1)° 

b = 0.7482(1) 

/?= 91.70(1)° 

c = 3.3188(5) 

7= 90.04(2)° 

88S1 

s.g.: P1 (No. 2), c.s.d. 

(C 16 H 33 NH 3 ) 2 CdCl 4 







HT-phase 

360 

a = b = 0.5298(2) 

c = 8.003(7) 

89C2 

c. sym.: tetragonal 

IM-phase 1 

354 

a = 0.7383(18) 

6 = 0.7641(15) 

c = 7.645(11) 

89C2 

c. sym.: orthorhombic 

IM-phase 2 

348 

a = 0.7437(10) 

b = 0.7590(10) 

c = 7.524(8) 

89C2 

c. sym.: orthorhombic 

LT-phase 

293 

a = 0.7384(5) 

b = 0.7546(11) 

P= 96.27(6)° 

c = 7.358(3) 

89C2 

c. sym.: monoclinic, s.g.: probably P12i/nl (No. 14) 
analogous to (C 12 H 25 NH 3 ) 2 CdCl 4 

(C 2 H 5 NH 3 ) 2 HgCl 4 

243 

a = 0.7826(3) 

b = 0.7828(3) 

c = 2.0378(3) 

83B1 

s.g.: Pccn (No. 56), c.s.d. 

(C 3 H 7 NH 3 ) 2 HgCl 4 

(C 3 H 7 NH 3 ) 2 PbCl 4 

295 

a = 0.7991(2) 

b = 0.7779(2) 

c = 2.3519(2) 

86B2 

s.g.: Abma (No. 64), c.s.d., (2 nd d.: Bmab) 

a-phase (MHT) 

360 

a = 0.781(2) 

b = 0.786(5) 

P= 71.9(2)° 

c= 1.351(3) 

91C21 

s.g.: P12!/al (No. 14), (2 nd d.: P2J/M1) 

|3-phase (ORT) 

295 

a = 0.7815(1) 

b = 0.7954(1) 

c = 2.5034(3) 

89M1 

s.g.: Pnam (No. 62), c.s.d., (2 nd d.: Pbnm) 

(C,H 19 NH 3 ) 2 PbCl 4 

295 

a = 0.7393 

b = 0.7481 
/?= 91.95° 

c = 4.7464 

95K 

c. sym.: monoclinic, ind. in P12i/nl (No. 14) 

(C 10 H 21 NH 3 ) 2 PbI 4 

295 

a = 0.8968 

b = 0.8667 

c = 4.251 

8913 

sg.: Pbca (No. 61) 










Table 2. Crystallographic Data (continued) 


Compound 

T[ K] 

Lattice parameters [nm] and angles [dej 

d) Diammonium Compounds wi 

th X = C 

1“, Br 


[NH 3 (CH 2 ) 3 NH 3 ]CrCl 4 

295 

a = 0.7517 

b = 0.7235 

[NH 3 (CH 2 ) 2 NH 3 ]MnCl 4 

[NH 3 (CH 2 ) 3 NH 3 ]MnCl 4 

296 

a = 0.71303(16) 

b = 0.71921(18) 
/3 = 92.685(24)° 

a-phase 

343 

a = 0.7198(2) 

b = 0.7398(2) 

P-phase 

313 

a = 1.0254(2) 

b= 1.0382(2) 

y-phase 

[NH 3 (CH 2 ) 4 NH 3 ]MnCl 4 

296 

a = 0.7174(1) 

b = 0.7361(1) 

OHT-phase 

404 

a = 0.7337(3) 

b = 0.7218(4) 

MRT-phase 

295 

a = 0.7307(3) 
a= 92.67(5)° 

b = 0.7177(3) 

[NH 3 (CH 2 ) 5 NH 3 ]MnCl 4 

296 

a =0.7153(2) 

b = 0.7360(2) 

[NH 3 (CH 2 ) 3 NH 3 ]FeCl 4 

295 

a =0.7108(11) 

b = 0.7378(10) 

[NH 3 (CH 2 ) 2 NH 3 ]NiCl 4 

295 

a =0.6943(1) 

b = 0.6995(1) 

/3= 92.925(2)° 

[NH 3 (CH 2 ) 2 NH 3 ]CuC1 4 

296 

a =0.7158(3) 

b = 0.7363(3) 

/3 = 92.37(3)° 

[NH 3 (CH 2 ) 3 NH 3 ]CuC1 4 

295 

a =0.7200(2) 

b = 0.7451(2) 

[NH 3 (CH 2 ) 4 NH 3 ]CuC1 4 

293 

a =0.7588(1) 

b = 0.7599(1) 

/3= 103.14(1)° 

[NH 3 (CH 2 ) 5 NH 3 ]CuC1 4 

293 

a =0.7747(3) 

b = 0.7203(2) 

/3 = 102.12(2)° 

(C 5 N 2 H 8 )CuC1 4 *) 

295 

a = 0.6941(2) 

b = 0.8348(2) 

/3= 94.63(3)° 

*) (C5N 2 H s )CuC1 4 = 3-ammonium 

oyridiniu 

m tetrachlorocuprate 


[NH 3 (CH 2 ) 2 NH 3 ]CuBr 4 

293 

a = 0.7511(19) 

b = 0.7803(1) 

/3= 92.12(2)° 


Ref. 


Remarks 


1.8535 

81B1 

s.g.: Pbnm (No. 62), (2 nd d.: Pnam) 

0.86089(18) 

78T1 

s.g.: P12 3 /al (No. 14), c.s.d., (2 nd d.: P2 3 /bl 1) 

1.8891(3) 

82C 

s.g.: Imam (No. 74), c.s.d., (2 nd d.: Ibmm) 

1.8867(3) 

82C 

s.g.: Fmmm (No. 69), c.s.d. 

1.9020(3) 

82C 

s.g.: Pnam (No. 62), c.s.d. (2 nd d.: Pbnm) 

1.0690(5) 

80T1 

s.g.: Pbmn (No. 53), c.s.d., (2 nd d.: Pman) 

1.0770(5) 

80T1 

s.g.: P2 3 /b 11 (No. 14), c.s.d., (2 nd d.: P^/al) 

2.3987(7) 

76A1 

ref. in Imam (No. 74) 

1.857(3) 

75W1 

s.g.: probably Imam (No. 74), c.s.d. 

0.8441(1) 

78S3 

s.g.: P12 3 /al (No. 14), (2 nd d.: P2 3 /bl 1) 

0.8109(3) 

78T1 

s.g.: P12 3 /al (No. 14), c.s.d., (2 nd d.: P2 3 /bl 1) 

1.8246(6) 

76P1 

s.g.: Pnam (No. 62), c.s.d., (2 nd d.: Pbnm) 

0.9268(1) 

90G1 

s.g.: P12 3 /al (No. 14), c.s.d., (2 nd d.: P2 3 /bl 1) 

2.1761(6) 

90G1 

s.g.: P12i/nl (No. 14), c.s.d. 

1.6848(7) 

88W1 

s.g.: P12 3 /c 1 (No. 14), c.s.d. 

0.8334(2) 

88H1 

s.g.: P12 3 /al (No. 14), c.s.d., (2 nd d.: P2 3 /bl 1) 



















Table 2. Crystallographic Data (continued) 


Compound 

T[ K] 

Lattice parameters [nm] and angles [deg] 

[NH 3 (CH 2 ) 3 NH 3 ]CuBr 4 

293 

a = 0.8086(2) 

b = 0.7556(2) 

/3= 96.75(2)° 

[NH 3 (CH 2 ) 4 NH 3 ]CuBr 4 

293 

a = 0.7914(2) 

b = 0.7887(4) 

/3= 102.83(2)° 

[NH 3 (CH 2 ) 5 NH 3 ]CuBr 4 

293 

a = 0.8142(3) 

b = 0.7560(2) 

/3= 101.49(3)° 

(C 5 N 2 H 8 )CuBr 4 *) 

295 

rt = 0.7179(1) 

b = 0.8766(2) 

/3= 95.29(1)° 

*) (CsN 2 H 8 )CuBr 4 = 3-ammonium 

pyridinii 

m tetrabromocuprate 


[NH 3 (CH 2 ) 2 NH 3 ]PdCl 4 

295 

a = 0.734(2) 

b = 0.766(2) 

/3= 91.90(1)° 

[NH 3 (CH 2 ) 2 NH 3 ]CdCl 4 

[NH 3 (CH 2 ) 3 NH 3 ]CdCl 4 

295 

a = 0.7292(3) 

b = 0.7344(3) 

/3= 92.74(3)° 

OHT-phase 

400 

a = 0.7351(5) 

b = 0.7622(5) 

ORT-phase 

295 

a = 0.7352(2) 

b = 0.7503(2) 

[NH 3 (CH 2 ) 4 NH 3 ]CdCl 4 

[NH 3 (CH 2 ) 5 NH 3 ]CdCl 4 


a = 0.721 

b = 0.733 
/3 = 92.5° 

MHT-phase 

433 

a = 0.7516 

b = 0.7563 
/3= 98.15° 

OHT-phase 

353 

a = 0.7376(4) 

b = 0.7561(1) 

ORT-phase 

293 

a = 0.7330(2) 

b = 0.7504(1) 

[NH 3 (CH 2 ) 6 NH 3 ]CdCl 4 

295 

a = 0.7306(1) 

b = 0.7587(1) 

/3= 91.24(3)° 

[NH 3 (CH 2 ) 7 NH 3 ]CdCl 4 

295 

a = 0.7602(1) 

b = 0.7307(1) 

/3= 92.10(2)° 

[NH 3 (CH 2 ) 8 NH 3 ]CdCl 4 

295 

a = 0.732(1) 

b = 0.756(1) 

/3= 92.97(17)° 


Ref. 


Remarks 


1.7622(5) 

0.9432(2) 

2.1736(10) 

1.7218(3) 


88H1 

90G1 

90G1 

88W1 


s.g.: P12i/nl (No. 14), c.s.d. 
s.g.: P12i/al (No. 14), c.s.d. 
s.g.: P12i/nl (No. 14), c.s.d. 
s.g.: P12!/c 1 (No. 14), c.s.d. 


0.791(2) 


76B3 


s.g.: P12i/al (No. 14), c.s.d., (2 nd d.: P2,/bl 1) 


0.8609(5) 


92B1 


s.g.: P^/al (No. 14), (2 nd d.: P2,/bll) 


1.857(1) 

1.9051(5) 

1.090 


92B1 

92B1 

76A2 


c. sym.: orthorhombic 

s.g.: Pnam (No. 62), c.s.d., (2 2nd d.: Pbnm) 

c. sym.: monoclinic 


1.1220 


89N1 


s.g.: C12/ml (No. 12) 


2.3555(6) 

2.3862(4) 

2.3935(6) 


87N1 

87N1 

76W1 


s.g.: Imam (No. 74), c.s.d., (2 nd d.: Ibmm) 
s.g.: Pnam (No. 62), c.s.d., (2 nd d.: Pbnm) 
c. sym.: monoclinic 


2.5716(4) 


76W1 


c. sym.: monoclinic 


2.755(3) 


76W1 


c. sym.: monoclinic 














Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

e) Diluted Magnets 

Rb 2 Cr x M gl _ x Cl 4 




x = 0 (Rb 2 MgCl 4 ) 

295 

a = 6 = 0.4981 

c= 1.615 

x = 0.2 

295 

a = 6 = 0.5020 

c= 1.603 

VO 

© 

II 

X 

295 

0 = 6 = 0.5103 

c= 1.581 

X 

II 

© 

295 

o = 6 = 0.5115 

c= 1.577 

X 

II 

o 

VO 

295 

o = 6 = 0.5128 

c= 1.575 

X = 1 (Rb 2 CrCl 4 ) 

295 

o = 6 = 0.5142 

c= 1.574 

x = 0.73 

4.2 

o = 0.7141(6) 

6 = 0.7114(6) c = 

Rb 2 Mn x Mg!_ x F 4 




x = 0.54 

5 

0 = 6 = 0.41457(4) 

c = 1.3801(15) 

x = 0.57 

5 

o = 6 = 0.41500(4) 

c = 1.3801(15) 

x = 0.60(2) 

5 

0 = 6 = 0.41542 

c = 1.3806 

Rb 2 Mn x Cdi_ x Cl 4 




x = 0.4 

295 

0 = 6 = 0.5137(4) 

c = 1.617(1) 

x = 0.5 

295 

0 = 6 = 0.5123(5) 

c = 1.617(1) 

x = 0.62 

295 

o = 6 = 0.5102(5) 

c = 1.518(1) 

t ~ 

o 

II 

X 

295 

o = 6 = 0.5095(5) 

c = 1.620(2) 

X 

II 

© 

bo 

295 

o = 6 = 0.5080(4) 

c = 1.618(1) 

x = 0.9 

295 

o = 6 = 0.5066(4) 

c = 1.617(1) 

x — 1 (Rb 2 MnCl 4 ) 

295 

o = 6 = 0.5054(4) 

c = 1.617(1) 

K 2 Feo.7 4 Zn 0 . 2 6F4 

4.2 

o = 6 = 0.410(l) 

c= 1.293(2) 

Rb 2 Co x Mgi x F 4 




x = 0.550(5) 


o = 6 = 0.41060(3) 

c= 1.3732(1) 

x = 0.575(5) 


0 = 6 = 0.41088(3) 

c= 1.3733(1) 

x = 0.583(5) 


o = 6 = 0.41102(3) 

c= 1.3734(1) 

x= 1.0 (Rb 2 CoF 4 ) 


0 = 6 = 0.41440(3) 

c= 1.3670(1) 

X 

II 

© 

^4 

5 

o = 6 =0.57915 

c= 1.371 

K 2 Ni x Zn^ x F 4 




x = 0.05 

295 

o = 6 = 0.4056(2) 

c= 1.3102(7) 

x = 0.10 

295 

o = 6 = 0.4058(2) 

c= 1.3101(7) 

x = 0.25 

295 

o = 6 = 0.4044(2) 

c= 1.3089(7) 

x = 0.50 

295 

o = 6 = 0.4038(2) 

c= 1.3099(7) 


Ref. 


Remarks 


82W1 

82W1 

82W1 

82W1 

82W1 

82W1 

86F1 


ref. in I4/mmm (No. 139) 
ref. in I4/mmm (No. 139) 
ref. in I4/mmm (No. 139) 
ref. in I4/mmm (No. 139) 
ref. in I4/mmm (No. 139) 
ref. in I4/mmm (No. 139) 
s.g.: Bbcm (No. 64), c.s.d. (2 nd d.: Acam) 


77C3 

77C3 

80B1 


ref. in I4/mmm (No. 139), (c.s.g.) 
ref. in I4/mmm (No. 139), (c.s.g.) 
ref. in 14/mmm (No. 139), (c.s.g.) 


82P1 

82P1 

82P1 

82P1 

83P 

82P1 

83P 

85D1 


s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
ref. in 14/mmm (No. 139), (c.s.g.) 


80C1 

80C1 

80C1 

80C1 

87H1 


s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: Acam or Bbcm (No. 64), (m.u.c.) 


79K2 

79K2 

79K2 

79K2 


s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 
s.g.: 14/mmm (No. 139) 













Table 2. Crystallographic Data (continued) 


Compound 

T[ K] 

Lattice parameters [nm] and angles [deg] 

K 2 Ni x Zni_ x F 4 (cont.) 





x = 0.75 

295 

a = b = 0.4022(2) 

c = 

1.3089(7) 

x= 1.0 (K 2 NiF 4 ) 

295 

a = b = 0.4013(2) 

c = 

1.3083(7) 

K 2 Cu x Zn, ,F 4 





x = 0.0 (K 2 ZnF 4 ) 

295 

a = b = 0.4056(2) 

c = 

1.3107(7) 

x = 0.08 

295 

a = b = 0.4064(2) 

c = 

1.3074(7) 

x = 0.16 

295 

a = b = 0.4067(2) 

c = 

1.3039(7) 

x = 0.20 

295 

a = b = 0.4070(2) 

c = 

1.3026(7) 

x = 0.26 

295 

a = b = 0.4077(2) 

c = 

1.3011(7) 

x = 0.31 

295 

a = b = 0.4080(2) 

c = 

1.2983(7) 

x = 0.35 

295 

a = b = 0.4083(2) 

c = 

1.2979(7) 

x = 0.40 

295 

a = b = 0.4086(2) 

c = 

1.2966(7) 

x = 0.46 

295 

a = b = 0.4091(2) 

c = 

1.2939(7) 

x = 0.49 

295 

a = b = 0.4095(2) 

c = 

1.2915(7) 

x = 0.73 

295 

a = b = 0.4120(2) 

c = 

1.2827(7) 

x= 1.0 (K 2 CuF 4 ) 

295 

a = b = 0.4149(2) 

c = 

1.2726(7) 

x = 0.92 

2 

a = b = 0.4107(5) 

c = 

1.2680(5) 

x = 0.78 

2 

a = b = 0.4095(5) 

c = 

1.2765(5) 

Rb 2 Cu x Zn,_ x F 4 





x = 0.0 (Rb 2 ZnF 4 ) 

295 

a = b = 0.4134(2) 

c = 

1.3702(7) 

x = 0.01 

295 

a = b = 0.4136(2) 

c = 

1.3700(7) 

x = 0.10 

295 

a = b = 0.4142(2) 

c = 

1.3681(7) 

x = 0.25 

295 

a = b = 0.4147(2) 

c = 

1.3650(7) 

x = 0.50 

295 

a = b = 0.4177(2) 

c = 

1.3533(7) 

x = 1.0 (Rb 2 CuF 4 ) 

295 

a = b = 0.4247(2) 

c = 

1.3320(7) 

f) Mixed Magnets 

Rb 2 Cri_ x Mn x Cl 4 





x = 0.011(19) 

293 

a = b = 0.5135(3) 

c = 

1.5773(8) 

x = 0.083(13) 

293 

a = b = 0.5127(3) 

c = 

1.5806(8) 

x = 0.131(19) 

293 

a = b = 0.5121(3) 

c = 

1.5812(8) 

x = 0.306(13) 

293 

a = b = 0.5107(3) 

c = 

1.5888(8) 

x = 0.533(11) 

293 

a = b = 0.5084(3) 

c = 

1.5968(8) 

x = 0.634(12) 

293 

a = b = 0.5083(3) 

c = 

1.6035(8) 

x = 0.827(16) 

293 

a = b = 0.5065(3) 

c = 

1.6110(8) 

x = 0.910(14) 

293 

a = b = 0.5056(3) 

c = 

1.6152(8) 

x = 0.968(21) 

293 

a = b = 0.5056(3) 

c = 

1.6161(8) 


Ref. 

Remarks 

79K2 

s.g.: I4/mmm (No. 139) 

79K2 

s.g.: I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

78W1 

ref. in I4/mmm (No. 139) 

78W1 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in I4/mmm (No. 139) 

79K2 

ref. in 14/mrmn (No. 139) 

80M2 

ref. in I4/mmm (No. 139) 

80M2 

ref. in 14/mmm (No. 139) 

80M3 

ref. in 14/mmm (No. 139) 

80M3 

ref. in 14/mmm (No. 139) 

80M2 

ref. in 14/mmm (No. 139) 

80M2 

ref. in 14/mmm (No. 139) 

80M2 

ref. in 14/mmm (No. 139) 

80M2 

ref. in 14/mmm (No. 139) 

80M2 

ref. in 14/mmm (No. 139) 














Table 2. Crystallographic Data (continued) 


Compound 

T [K] 

Lattice parameters [nm] and angles [deg] 

Ref. 

Remarks 

Rb 2 Cri^ x Mn x Cl 4 (cont.) 
x = 0.011(19) 

15 

a = 6 = 0.5083(3) 

c= 1.5730(8) 

84M1 

ref. in I4/mmm (No. 139) 

x = 0.131(19) 

15 

a = b = 0.5071(3) 

e= 1.5756(8) 

84M1 

ref. in I4/mmm (No. 139) 

x = 0.306(19) 

15 

a = b = 0.5062(3) 

c= 1.5835(8) 

84M1 

ref. in I4/mmm (No. 139) 

x = 0.533(11) 

15 

a = b = 0.5041(3) 

c= 1.5901(8) 

84M1 

ref. in I4/mmm (No. 139) 

x = 0.634(12) 

15 

a = b = 0.5042(3) 

c= 1.5977(8) 

84M1 

ref. in I4/mmm (No. 139) 

x = 0.910(14) 

15 

a = b = 0.5023(3) 

c= 1.6062(8) 

84M1 

ref. in I4/mmm (No. 139) 

x = 0.968(21) 

15 

a = b = 0.5024(3) 

c= 1.6091(8) 

84M1 

ref. in I4/mmm (No. 139) 

x = 0.25 

4.2 

a = b = 0.5065 

c= 1.7524 

89S1 

ref. in I4/mmm (No. 139) 

x = 0.59 

4.2 

a = b = 0.5040 

c= 1.5876 

89S1 

ref. in I4/mmm (No. 139) 

x = 0.70 

4.2 

a = b = 0.5030 

c= 1.5915 

89S1 

ref. in I4/mmm (No. 139) 

x = 0.011(19) 

293 

a = b = 0.7262(4) 

c= 1.5773(8) 

80M2 

s.g.: Bbcm (No. 64), c.s.d., (2 nd d.: Acam) 

x = 0.011(19) 

15 

a ~ b = 0.7188(4) 

c= 1.5730(8) 

80M3 

s.g.: Bbcm (No. 64), c.s.d., (2 nd d.: Acam) 

Rb2Mno.5Coo.5F4 

5 

a = b = 0.4177 

c= 1.372 

8011 

ref. in I4/mmm (No. 139), (c.s.g.) 

Rb2Mno.5Nio.5F4 

K 2 Mn x Cui_ x F 4 

4.2 

a = b = 0.4121 

c= 1.372 

75A1 

ref. in I4/mmm (No. 139), (c.s.g.) 

x = 0 (K 2 CuF 4 ) 


a = 6 = 0.4155 

c= 1.274 

78D3 

ref. in I4/mmm (No. 139) 

x = 0.09 


0 = 6 = 0.4157 

c= 1.283 

78D3 

ref. in I4/mmm (No. 139) 

x = 0.20 


0 = 6 = 0.4163 

c= 1.290 

78D3 

ref. in I4/mmm (No. 139) 

(CH 3 NH 3 ) 2 Mno. 97 Cuo.o 3 Cl 4 

K 2 Fe,_ x Co x F 4 

295 

0 = 0.7209(2) 

6 =0.7272(2) c= 1.9402(7) 

83C2 

s.g.: Bmab (No. 64), c.s.d., ORT-phase 

x = 0 (K 2 FeF 4 ) 

4.2 

0 = 6 = 0.583(1) 

c= 1.286(3) 

82T1 

s.g.: Acam or Bbcm (No. 64), (m.u.c.) 

x = 0.12 

4.2 

0 = 6 = 0.584 

c= 1.288 

86V1 

s.g.: Acam or Bbcm (No. 64), (m.u.c.) 

x = 0.55 

4.2 

0 = 6 = 0.579 

c= 1.294 

86V1 

s.g.: Acam or Bbcm (No. 64), (m.u.c.) 

Rb 2 Coi x Ni x F 4 






x = 0 (Rb 2 CoF 4 ) 

78 

0 = 6 = 0.5817 

c= 1.3615 

8311 

s.g.: Acam or Bbcm (No. 64), (m.u.c.) 

x = 0.5 

78 

a~b= 0.5770 

c= 1.3734 

8311 

s.g.: Acam or Bbcm (No. 64), (m.u.c.) 

x= 1 (Rb 2 NiF 4 ) 

Rb 2 Co x Cui_ x F 4 

78 

a~b= 0.5733 

c= 1.3550 

8311 

s.g.: Acam or Bbcm (No. 64), (m.u.c.) 

x = 0.037 

4.2 

o = 6 = 0.421 

c= 1.330 

92S1 

ref. in I4/mmm (No. 139) 

x = 0.083 

4.2 

o = 6 = 0.421 

c= 1.330 

92S1 

ref. in I4/mmm (No. 139) 

x = 0.88 

4.2 

0 = 6 = 0.416 

c= 1.372 

92S1 

ref. in I4/mmm (No. 139) 









Table 3. M-X Bond Lengths and Interlayer Distances 


Compound 

7IK] 

M-X bond lengths 

r ip and r op [mn] 



Interlayer distance d [mn] 

a) Fluorides 

K 2 MgF 4 

295 

r ip = 0.1990 

r op = 0.2004 

(NH 4 ) 2 MgF 4 

295 

r ip = 0.2028(1) 

r op = 0.1997(3) 

K 2 MnF 4 

295 

r lp = 0.2086(2) 

r op = 0 . 211 ( 2 ) 


4.2 

r lp = 0.2076(2) 

r op = 0.2102(14) 

K 3 MII 2 F 7 

295 

r lp = 0.2094 

r op = 0.2110 
r op = 0.2085 


4.2 

r ip = 0.2091(2) 

r op = 0.209(4) 
r op = V 

Rb 3 Mn 2 F 7 

295 

r ip = 0 . 2111 ( 2 ) 

r op = 0.223(10) 
r op = V. 

K 2 CoF 4 

295 

r ip = 0.2037 

r op = 0.2025 

K 3 C 02 F 7 

295 

r ip = 0.2037 

r op = 0.2044 
r op = 0.2012 

K 2 NiF 4 

295 

r ip = 0.2006 

r op = 0.2001 

K 3 Ni 2 F 7 

295 

r,„ = 0.2008 

r op = 0.2021 
r op = 0.1990 

K 2 CuF 4 

295 

r ip = 0.192(4) 
r ip = 0.222(4) 

r op = 0.1923(16) 


295 

r ip = 0.1939 
r ip = 0.2222 

r op = 0.1932 

K 3 Cu 2 F 7 

205 

r ip = 0.1900(7) 

r„ = 0.1968(1) 



r ip = 0.2256(7) 

r op = 0.1927(4) 

K 2 ZnF 4 

295 

r ip = 0.2029(1) 

r op = 0.2026(2) 

K 3 Zn 2 F 7 

295 

r ip = 0.2029(1) 

r op = 0.2041(1) 
r op = 0.2007(4) 


Ref. 


Remarks 


d= 0.6590 
d= 0.69177(3) 
d= 0.6630(8) 
d= 0.6621(5) 
d= 0.6573 

d= 0.660(7) 

d= 0.668 


82B2 

96S2 

68L1 

68L1 

82B2 

79U 

76N1 


^ip? 

'• op , d: Eqs. 2.1 

-2.3 


r op , d\ Eqs. 2.1 

-2.3 

^*ip? 

'• op , d: Eqs. 2.1 

-2.3 

r ip ! 

= a/ , r op , d: 

Eqs. 2.2, 2.3 

^*ip? 

d, l sl '- op : Eqs.1 

2.1, 2.6, 2.7; 2 nd r op : c.f.a.p. 

V 

= a !^8 ; d, 1 s, j 

>" op : Eqs. 2.6, 2.7; 2 nd r op not 


determined 

f' ip , d, l sl '- op : Eqs. 2.1, 2.6, 2.7; 2 nd r op not determined 


d= 0.6544 
d= 0.6494 


82B2 r ip , r op , d: Eqs. 2.1 - 2.3 

82B2 r ip , d, I s * r op : Eqs. 2.1, 2.6, 2.7; 2 nd r op : c.f.a.p. 


<7 = 0.6538 
rf= 0.6495 


82B2 r ip , r op , d: Eqs. 2.1 - 2.3 

82B2 r ip , d, 1 st r op : Eqs. 2.1, 2.6, 2.7; 2 nd r op : c.f.a.p. 


d = 0.6355(5) 

rf= 0.6367(1) 

d= 0.632(3) 

<7 = 0.6555(2) 
(7= 0.6504(5) 


74H1 

83H1 

81H1 

80H1 
80H1 


2 v. '' ip = def. oct.; r ip , r op : c.f.a.p.; d = c/4 

2 v. r ip = def. oct.; r lp , r op : c.f.a.p.; d= Eq. 2.3 

2 v. r ip = def. oct.; 1 st r op : Eq. 2.6; r ip , 2 nd r op , d: c.f.a.p. 

r ip , r op , d: Eqs. 2.1 -2.3 

r ip , d, 1 st r op : Eqs. 2.1, 2.6, 2.7; 2 nd r op : c.f.a.p. 










Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

M-X bond lengths r ip and r op [nm] 
Interlayer distance d [mn] 


Ref. 

Remarks 


b) Chlorides, Bromides and Iodi 

Rb 2 MgCl 4 _ x Br x 

x = 0 

x= 1 

X = 2 

des with 

inorganic A + -ions 

doped with Mn 2+ , EPR results indicate 
symmetry of Mn 2+ environment: Oh 
symmetry of Mn 2+ environment: D 4h 
symmetry of Mn 2+ environment: Oh and D 4h 

73W1 

MnClg-octahedra 

MnCl 4 Br 2 -octahedra, Br“ in out-of-plane sites 

MiiCh- and MnCl 4 Br 2 -octahedra 

Rb 2 CrCl 4 

293 

r ip = 0.2387(6) 
r ip = 0.2755(7) 

r op = 0.2413(13) 

d= 0.7885(20) 

83J1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; 

d: Eq. 2.3 


77 

r ip = 0.2379(6) 
r ip = 0.2700(7) 

r op = 0.2366(22) 

d= 0.7835(20) 

83J1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; 

d: Eq. 2.3 


5.5 

r ip = 0.2387(6) 
r lp = 0.2700(7) 

r op = 0.2371(22) 

d= 0.786(2) 

83J1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; 

d: Eq. 2.3 

Rb 2 CrCl 3 Br 

90 

r ip = 0.242(1) 

^ip = 0.267(1) 

r op = 0.252(1) 

d= 0.8037(1) 

85F1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; 

d: Eq. 2.3 


4.2 

r ip = 0.240(1) 
r ip = 0.269(1) 

r op = 0.255(1) 

d= 0.8031(1) 

85F1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; 

d: Eq. 2.3 

Rb 2 CrCl 2 Br 2 

90 

r ip = 0.241(1) 
r ip = 0.270(1) 

r op = 0.257(1) 

d= 0.8193(3) 

85F1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; 

d: Eq. 2.3 


4.2 

r ip = 0.241(1) 
r ip = 0.270(1) 

r op = 0.258(1) 

d= 0.8187(3) 

85F1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; 

d: Eq. 2.3 

Rb 2 CrCl 2 I 2 

110 

r ip = 0.239(2) 
r lp = 0.279(2) 

r op = 0.277(2) 

d= 0.8673(2) 

85F1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; 

d: Eq. 2.3 


4.2 

r ip = 0.240(2) 
r ip = 0.277(2) 

r op = 0.277(2) 

d= 0.8658(2) 

85F1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; 

d: Eq. 2.3 

K 3 Mn 2 Cl 7 

295 

r ip = 0.2514 

r op = 0.2533 
r op = 0.2279 

d= 0.7598 

65S 

r ip , d, l sl r op : Eqs. 2.1, 2.6, 2.7; 2 nd 

r op : c.f.a.p. 

Rb 2 MnCl 4 

295 

r ip = 0.253(1) 

r op = 0.250(5) 

d= 0.807(3) 

77G1 

'"i P , r op , d: Eqs. 2.1 - 2.3 


Rb 3 Mn 2 Cl 7 

295 

r ip = 0.2526(5) 

r op = 0.2577(21) 
r op = 0.2452(38) 

d= 0.792(6) 

78G 

r lf ,,d, 1 st r op : Eqs. 2.1, 2.6, 2.7; 2 nd 

r op : c.f.a.p. 












Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

M-X bond lengths r ip and r op [nm] 
Interlayer distance d [nm] 


Ref. 

Remarks 


Rb 2 MnBr 4 

295 

r ip = 0.2685(10) 

r op = 0.2589(20) 

d= 0.866(3) 

79G2 

''i P , 'op, d: Eqs. 2.1 - 2.3 

Rb 2 CuCl 4 

295 

r ip = 0.2370 
r ip = 0.2716 

r op = 0.2324 

d= 0.7767(1) 

74W2 

2 v. '- ip = def. oct.; '- ip , '- op : c.f.a.p.; d: Eq. 2.3 

Rb 2 CuCl 3 Br *) 

295 

r ip = 0.2291 
r ip = 0.2811 

r op = 0.2399 

d= 0.7960(2) 

74W2 

2 v. rip = def. oct.; '- ip , r op : c.f.a.p.; d: Eq. 2.3 

Rb 2 CuCl 2 Br 2 *) 

295 

;‘i p = 0.2266 

r ip = 0.2861 

r op = 0.2527 

d= 0.8126(1) 

74W2 

2 v. ^p = def. oct.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

*) EPR measurements: Br " only 01 

i out-of-p 

lane sites, only CuCL 

and CuCl 4 Br 2 octahedra (randomly mi. 

xed), but 

no CuCLBr octahedra found [74W2] 

(NH 4 ) 2 CuC1 4 

Rb 2 CdCl 4 


r ip = 0.2300(5) 
r ip = 0.2793(5) 

r op = 0.2332(4) 

d= 0.773(1) 

76P1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d\ Eq. 2.3 

a-phase (Go) 

295 

r ip = 0.2603(1) 

r op = 0.2597(5) 

d= 0.8085(1) 

89K 

'V ''op, d: Eqs. 2.1 -2.3 


160 

r ip = 0.2595(1) 

r op = 0.2587(5) 

d = 0.8055(1) 

89K 

^p, r op , d: Eqs. 2.1 - 2.3 

P-phase (Gi) 

105 

r ip = 0.2593(13) 
ri p = 0.2604(16) 

r op = 0.2578(16) 

d= 0.8023(2) 

89K 

2 v. ''i p r.c. sym.; r ip , r op : c.f.a.p.; c/: Eq. 2.3 

Cs 2 CdCl 4 

c) Chlorides and Bromides with 

organic 

r ip = 0.263 

A + -ions 

r op = 0.252 

d = 0.844 

64S1 

''ip, ''op, d: Eqs. 2.1 - 2.3 

(CH 3 NH 3 ) 2 CrCl 4 

295 

'ip = 0.241 
r ip = 0.282 

'- op = 0.241 

d= 0.941 

85B1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

(C 2 H 5 NH 3 ) 2 CrCl 4 

295 

(r ip > = 0.264 

d= 1.071 


78B1 

<r ip ): Eq. 2.4; d 

Eq. 2.3 

(C 3 H 7 NH 3 ) 2 CrCl 4 

295 

(r ip > = 0.266 

d= 1.235 


82S1 

(''ip): Eq. 2.4; d 

Eq. 2.3 

(C 5 H n NH 3 ) 2 CrCl 4 

295 

<r ip > = 0.262 

d= 1.781 


82S1 

( r ip ): Eq. 2.4; d 

Eq. 2.3 

(C 12 H 25 NH 3 ) 2 CrCl 4 

295 

<r ip > = 0.259 

d— 3.10 


82S1 

(r ip >: Eq. 2.4; d 

Eq. 2.3 

(C 6 H 5 CH 2 NH 3 ) 2 CrCl 4 

295 

(r ip > = 0.266 

d= 1.571 


86B1 

(r ip ): Eq. 2.4; d 

Eq. 2.3 

(C 6 H 5 CH 2 NH 3 ) 2 CrBr 4 

295 

<r, p > = 0.275 

d= 1.624 


87B1 

(r ip ): Eq. 2.4; d 

Eq. 2.3 

















Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

M-X bond lengths 

r ip and r op [nm] 




Interlayer distance d [nm] 


(CH 3 NH 3 ) 2 MnCl 4 

THT-phase 

404 

Hp = 0.257(1) 

r op = 0.250(2) 

d 

ORT-phase 

293 

r ip = 0.257(2) 

r op = 0.251(4) 

d 

TLT-phase 

188 

r ip = 0.2556(3) 
r, p = 0.2578(3) 

r op = 0.2499 

d 

(C 2 H 5 NH3) 2 MnCl4 

ORT-phase 

294 

r lp = 0.2593(3) 

r op = 0.2482(3) 

d 

OLT-phase 

126 

= 0.2572(1) 
r ip = 0.2585(1) 

r op = 0.2481(1) 

d 

(C 3 H 7 NH 3 ) 2 MnCl 4 (§-ph.) 

295 

r ip = 0.2629(5) 

r op = 0.2475(10) 

d 


182 

r ip = 0.2601(1) 

r op = 0.2478(1) 

d 

(C 4 H 9 NH 3 ) 2 MnCl 4 

294 

r lp = 0.2588(0) 

r op = 0.2468(2) 

d 

(C 5 H„NH 3 ) 2 MnCl 4 

293 

(r ip ) = 0.2587(1) 

d= 1.8067(3) 


(C 6 H 13 NH 3 ) 2 MnCl 4 

295 

(r ip > = 0.2579(7) 

d= 1.990(8) 


(C 7 H 15 NH 3 ) 2 MnCl 4 

293 

(r ip > = 0.2581(3) 

d = 2.1452(5) 


(C 8 H 17 NH 3 ) 2 MnCl 4 

295 

(r ip > = 0.2584(5) 

d= 2.254(4) 


(C 9 H 19 NH 3 ) 2 MnCl 4 

293 

(r ip > = 0.2586(6) 

d = 2.610 


(C 10 H 2l NH 3 ) 2 MnCl 4 

298 

r ip = 0.2595(2) 
r ip = 0.2584(2) 

r op = 0.2485(2) 

d 

(C„H 23 NH 3 ) 2 MnCl 4 

HT-phase 

373 

<r ip > = 0.254 

d = 3.100 


LT-phase 

298 

(r ip > = 0.257 

d = 2.783 


(C 12 H 25 NH 3 ) 2 MnCl 4 

HT-phase 

373 

= 0.255 

d = 3.340 


LT-phase 

298 

(r ip > = 0.257 

d = 3.028 


(C 1 3 H 27 NH 3 ) 2 MnCl 4 

HT-phase 

373 

(r ip > = 0.253 

d= 3.529 


LT-phase 

298 

(r ip > = 0.259 

d = 3.128 



Ref. 


Remarks 


0.976(1) 

0.971(1) 

0.966(1) 


1.105(1) 

1 . 102 ( 1 ) 

1.290(1) 

1.281(2) 

1.5940(3) 


2.6659(21) 


75H1 

75H1 

76H1 


r ip , r ov , d: Eqs. 2.1 -2.3 

r, p , r op : c.f.a.p.; d: Eq. 2.3 

2 v. r ip r. c. sym.; r ip , r op : c.f.a.p.; d: Eq. 2.3 


78D1 r ip , r op : c.f.a.p.; d: Eq. 2.3 

77D2 2 v. r ip r. c. sym.; r ip , r op : c.f.a.p.; d: Eq. 2.3 


72P 

78D2 

79D2 


r ip , r op : c.f.a.p.; d: Eq. 2.3 
r ip , r op : c.f.a.p.; d: Eq. 2.3 
n p , r op : c.f.a.p.; d: Eq. 2.3 


95F1 

79D1 

95F1 

79D1 

95F1 


('• ip >: Eq. 2.4; d: 

Eq. 

2.3 

('"ip): Eq. 2.4; d: 

Eq. 

2.3 

('"ip): Eq. 2.4; d: 

Eq. 

2.3 

('•ip): Eq. 2.4; d: 

Eq. 

2.3 

('•i p }: Eq. 2.4; d: 

Eq. 

2.3 


76C1 


2 v. r ip r. c. sym.; r ip , r op : c.f.a.p.; d = c sin P 


74V1 ( r ip ): Eq. 2.5; d det. dir. 
74V1 (r ip ): Eq. 2.5; d det. dir. 


73V (r ip ): Eq. 2.5; d det. dir. 

73V (r ip ): Eq. 2.5; d det. dir. 


74V1 (r ip ): Eq. 2.5; d det. dir. 
74V1 (r ip ): Eq. 2.5; d det. dir. 













Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

M-X bond lengths 

'’i P and r a „ [mn] 



Interlayer distance d [mn] 

(Ci 4 H 29 NH 3 ) 2 MnCl 4 

HT-phase 

373 

(r, p > = 0.256 

d = 3.746 

LT-phase 

298 

<r ip > = 0.255 

d= 3.375 

(C \ 5 H 3 1 NH 3 ) 2 MnCl 4 

HT-phase 

373 

(r ip > = 0.253 

d= 3.946 

LT-phase 

298 

(r ip > = 0.259 

d= 3.486 

(C 16 H 33 NH 3 ) 2 MnCl 4 

HT-phase 

373 

(r, p > = 0.256 

= 4.178 

LT-phase 

298 

(r ip > = 0.258 

d= 3.671 

(C 17 H 35 NH 3 ) 2 MnCl 4 

HT-phase 

373 

<r lp > = 0.252 

d = 4.366 

LT-phase 

298 

<r ip > = 0.259 

d = 3.836 

(4-ClC 6 H 4 NH 3 ) 2 MnCl 4 


(r ip > = 0.256 

d= 1.66 

(C 11 H 23 NH 3 ) 2 MnBr 4 

295 

(r ip > = 0.274 

d= 2.659 

(C 12 H 25 NH 3 ) 2 MnBr 4 

295 

(r ip ) = 0.272 

d= 2.835 

(C 13 H 27 NH 3 ) 2 MnBr 4 

295 

<r ip > = 0.273 

d = 2.990 

(Ci 4 H 29 NH 3 ) 2 MnBr 4 

295 

<r ip > = 0.272 

d= 3.175 

(Ci 5 H 31 NH 3 ) 2 MnBr 4 

295 

(r ip > = 0.272 

d= 3.339 

(C 16 H 33 NH 3 ) 2 MnBr 4 

295 

(r ip > = 0.272 

d= 3.511 

(CH 3 NH 3 ) 2 F eCl 4 

295 

<r ip > = 0.2564 

d= 0.970 

(C 12 H 25 NH 3 ) 2 FeCl 4 

HT-phase 

393 

<r ip > = 0.253 

d= 3.42(3) 

LT-phase 

298 

(''ip) = 0.257 

d= 3.023(6) 

(CH 3 NH,) 2 CuC1 4 

297 

r ip = 0.2283(1) 
r ip = 0.2907(1) 

r op = 0.2297(1) 


100 

r ip = 0.2287(1) 
r ip = 0.2902(1) 

'■ op = 0.2311(1) 

(C 2 H 5 NH 3 ) 2 CuC1 4 (y-ph.) 

295 

r ip = 0.2285(4) 
r ip = 0.2975(50) 

r op = 0.2277(6) 



Ref. 

Remarks 


73V 

(r ip ): Eq. 2.5; d det. dir. 


73V 

(r ip ): Eq. 2.5; d det. dir. 


74 V1 

(r ip ): Eq. 2.5; d det. dir. 


74 V1 

(r ip ): Eq. 2.5; d det. dir. 


73V 

(r ip ): Eq. 2.5; d det. dir. 


73V 

(r ip ): Eq. 2.5; d det. dir. 


74 V1 

(ri p ): Eq. 2.5; d det. dir. 


74 V1 

(r ip ): Eq. 2.5; d det. dir. 


79B4 

(r ip ): Eq. 2.4; d: Eq. 2.3 


81V 

(r ip ): Eq. 2.5; d det. dir. 


81V 

(r,p): Eq. 2.5; d det. dir. 


81V 

(r ip ): Eq. 2.5; d det. dir. 


81V 

(r ip ): Eq. 2.5; d det. dir. 


81V 

(r ip ): Eq. 2.5; d det. dir. 


81V 

(r ip ): Eq. 2.5; d det. dir. 


82M2 

(r ip ): Eq. 2.4; d: Eq. 2.3 


77L1 

(r ip ): Eq. 2.5; d det. dir. 


77L1 

(r ip ): Eq. 2.5; d det. dir. 

d= 0.9316(2) 

87P 

2 v. r ip = def. oct.; r lp , r op : c.f.a.p.; d = c sin /1 

d= 0.9269(2) 

87P 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d = c sin P 

d= 1.059(1) 

70S1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d: Eq. 2.3 












Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

M-X bond lengths r ip and r op [nm] 
Interlayer distance d [nm] 

(C 3 H 7 NH 3 ) 2 CuCl4 

a-phase 

450 

r ip = 0.2282(3) 

r Q p = 0.2267(7) 

|3-pliase 

433 

r ip = 0.3026(3) 
r ip = 0.2284(2) 

r op = 0.2284(2) 

5-phase 

360 

r ip = 0.3033(2) 
r lp = 0.2298(2) 

r op = 0.2288(2) 

(C 4 H 9 NH 3 ) 2 CuC1 4 


r ip = 0.3053(2) 

<r ip > = 0.260 

d= 1.514 

(C 5 H„NH 3 ) 2 CuC1 4 


(r ip ) = 0.263 

d= 1.741 

(C 9 H 19 NH 3 ) 2 CuC1 4 

HT-phase 

393 

(r ip > = 0.262 

d = 2.586 

LT-phase 

298 

('' ip ) = 0.265 

d = 2.480 

(C 10 H 21 NH 3 ) 2 CuC1 4 

HT-phase 

393 

('"ip> = 0.258 

d = 2.807 

LT-phase 

298 

<r ip > = 0.263 

d = 2.547 

(C \ i H 23 NH 3 ) 2 CuC1 4 

HT-phase 

393 

(r lp > = 0.259 

d= 3.006 

LT-phase 

298 

(r ip ) = 0.263 

d = 2.726 

(C 12 H 25 NH 3 ) 2 CuC1 4 

HT-phase 

393 

('■ ip > = 0.258 

d= 3.199 

LT-phase 

298 

(r ip ) = 0.263 

d= 2.909 

(C 13 H 27 NH 3 ) 2 CuC1 4 

HT-phase 

393 

(r ip ) = 0.256 

d = 3.400 

LT-phase 

298 

(r ip ) = 0.262 

d = 3.080 

(C 14 H 29 NH 3 ) 2 CuC1 4 

HT-phase 

393 

</-,„> = 0.256 

d= 3.596 

LT-phase 

298 

(r ip ) = 0.262 

d = 3.248 

(C 15 H 3I NH 3 ) 2 CuC1 4 

HT-phase 

393 

(r, p ) = 0.256 

d= 3.831 

LT-phase 

298 

(''ip) = 0.262 

d = 3.420 



Ref. 

Remarks 

d= 1.323(1) 

90D1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

d= 1.307(1) 

90D1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

d= 1.243(1) 

90D1 

2 v. r ip = def. oct.; r ip , r op . c.f.a.p.; d\ Eq. 2.3 


720 

(r ip ): Eq. 2.4; d: Eq. 2.3 


720 

(r ip ): Eq. 2.4; d: Eq. 2.3 


74V2 

(r ip ): Eq. 2.5; d: det. dir. 


74V2 

(r ip ): Eq. 2.5; d: det. dir. 


74V2 

(r ip ): Eq. 2.5; d det. dir. 


74V2 

(r ip ): Eq. 2.5; d: det. dir. 


74V2 

(r ip ): Eq. 2.5; d det. dir. 


74V2 

(r ip ): Eq. 2.5; d: det. dir. 


74V2 

(r ip ): Eq. 2.5; d det. dir. 


74V2 

(r ip ): Eq. 2.5; d: det. dir. 


74V2 

(r ip ): Eq. 2.5; ddet. dir. 


74V2 

(r ip ): Eq. 2.5; d: det. dir. 


74V2 

(r ip ): Eq. 2.5; d det. dir. 


74V2 

(r ip ): Eq. 2.5; d: det. dir. 


74V2 

(r ip ): Eq. 2.5; d det. dir. 


74V2 

(r ip ): Eq. 2.5; d: det. dir. 










Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

M-X bond lengths 

rip and r op [mn] 



Interlayer distance d [mn] 

(C 16 H 33 NH 3 ) 2 CuC1 4 

HT-phase 

393 

(r, p > = 0.256 

d = 4.035 

LT-phase 

298 

<H P > = 0.260 

d = 3.612 

(C 17 H 35 NH 3 ) 2 CuC1 4 

HT-phase 

393 

(r ip > = 0.260 

d = 4.215 

LT-phase 

298 

(r ip > = 0.261 

d= 3.778 

(CH 2 OH-CH 2 -NH 3 ) 2 CuC1 4 

295 

r lp = 0.2288 
r ip = 0.3010 

r 0 p = 0.2274 

(C 6 H 5 NH 3 ) 2 CuC1 4 

295 

r ip = 0.22804(6) 
/• ip = 0.29718(5) 

r op = 0.23007(5) 

[C 6 H 5 (CH 2 ) 2 NH 3 ] 2 CuC1 4 

295 

r ip = 0.2286(1) 
r ip = 0.2899(1) 

r op = 0.2296(1) 

[COOH(CH 2 ) 2 NH 3 ] 2 CuC1 4 

295 

ri p = 0.2307(1) 
r ip = 0.3077(1) 

r op = 0.2274(1) 

(CH 3 NH 3 ) 2 CuCl 2 Br 2 

295 

d= 0.9605(2) 


in-plane site: Cl (p = 0.88) 


np = 0.2387(6) 

Yip = 0.2755(7) 

Br (p = 0.12) 


r ip = 0.2387(6) 

r ip = 0.2755(7) 

out-of-plane: Br (p = 0.76) 


r ov - 0.2413(13) 


Cl (p = 0.24) 


r 0 p = 0.2387(6) 


(CH 3 NH 3 ) 2 CuBr 4 


(r ip > = 0.2733 

d= 0.959 

(C 2 H 5 NH 3 ) 2 CuBr 4 


<r ip > = 0.277 

d= 1.075 

(C 3 H 7 NH 3 ) 2 CuBr 4 


<r ip > = 0.279 

d= 1.216 

(C 4 H 9 NH 3 ) 2 CuBr 4 


(r ip > = 0.2764 

d= 1.432 

(C \ i H 23 NH 3 ) 2 CuBr 4 

295 

(r ip > = 0.2765 

d= 2.599 

(C 12 H 25 NH 3 ) 2 CuBr 4 

295 

(r ip ) = 0.276 

rf = 2.771 

(C 13 H 27 NH 3 ) 2 CuBr 4 

295 

(r ip > = 0.276 

d = 2.922 

(C 14 H 29 NH 3 ) 2 CuBr 4 

295 

(r ip > = 0.275 

d = 3.102 



Ref. 

Remarks 


74V2 

74V2 

(r ip ): Eq. 2.5; d det. dir. 

(r ip ): Eq. 2.5; d: det. dir. 


74V2 

74V2 

(r ip ): Eq. 2.5; d det. dir. 

(r ip ): Eq. 2.5; d: det. dir. 

d= 1.0812 

88W1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d = c sin/1 

1.4788(2) 

76P1 

2 v. y\ v = def. oct.; r ip , r op : c.f.a.p.; d = c sin (i 

d= 1.9309(3) 

90W1 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d = c sin/1 

1.2112 

81W2 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d = c/2 sin/1 


91W1 

d: Eq. 2.3 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p. 


72C1 

(r ip ): Eq. 2.4; d: Eq. 2.3 


720 

(r ip ): Eq. 2.4; d: Eq. 2.3 


720 

(r ip ): Eq. 2.4; d: Eq. 2.3 


720 

(r ip ): Eq. 2.4; d: Eq. 2.3 


81V 

(r ip ): Eq. 2.5; d det. dir. 


81V 

(r ip ): Eq. 2.5; d det. dir. 


81V 

(r ip ): Eq. 2.5; d det. dir. 


81V 

(r, p ): Eq. 2.5; d det. dir. 












Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

M-X bond lengths r ip and r op [nm] 

Interlayer distance d [nm] 

Ref. 

Remarks 

(Ci 5 H 31 NH 3 ) 2 CuBr 4 

295 

(r ip > = 0.278 

d= 3.163 


81V 

(r ip ): Eq. 2.5; d det. dir. 

(C 16 H 33 NH 3 ) 2 CuBr 4 

295 

(r ip > = 0.274 

d = 3.431 


81V 

(r ip ): Eq. 2.5; d det. dir. 

[C 6 H 5 (CH 2 ) 2 NH 3 ] 2 CuBr 4 

295 

r ip = 0.2418(1) 
r ip = 0.3057(1) 

r op = 0.2449(1) 

d= 1.9021(9) 

90W1 

2 v. r ip = def. oct.; r lp , r op : c.f.a.p.; d: Eq. 2.3 

[COOH(CH 2 ) 2 NH 3 ] 2 CuBr 4 


r ip = 0.2444(1) 
r ip = 0.3172(1) 

r op = 0.2429(1) 

rf= 1.2136(4) 

83W2 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d = c /2 sin/3 

(C 3 H 7 NH 3 ) 2 PdCl 4 

295 

r ip = 0.2317(7) 
r ip = 0.3190(8) 

r op = 0.2308(8) 

d= 1.173(1) 

77W2 

2 v. r ip = def. oct.; r ip , r op : c.f.a.p.; d = c sin/3 

(CH 3 NH 3 ) 2 CdCl 4 

THT-phase 

493 

r ip = 0.2651(1) 

r op = 0.2523(4) 

d= 0.9670(5) 

76C2 

'V ''op, d\ Eqs. 2.1 -2.3 

ORT-phase 

294 

r ip = 0.2644(2) 

r op = 0.2537(5) 

d = 0.961(1) 

75C1 

n P , r op : c.f.a.p.; d: Eq. 2.3 

TLT-phase 

234 

r ip = 0.2627(1) 
r ip = 0.2665(2) 

r op = 0.2550(3) 

d= 0960(1) 

75C1 

2 v. r ip r. c. sym.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

MLT-phase 

147 

r ip = 0.2636(1) 
r, p = 0.2647(2) 

r op = 0.2572(3) 

d= 0.9683(5) 

76C2 

2 v. r ip r. c. sym.; r ip , r op : c.f.a.p.; d = c /2 sin/3, 
alternative description: d = c sin/3 

(C 2 H 5 NH 3 ) 2 CdCl 4 

ORT-phase 

295 

r ip = 0.2673(1) 

r op = 0.2522(2) 

d= 1.0940(4) 

77C2 

'V ''op: c.f.a.p.; d: Eqs. 2.3 

OLT-phase 

178 

r ip = 0.2649(2) 
r ip = 0.2661(2) 

r op = 0.2555(1) 

d= 1.106(2) 

77C2 

2 v. r ip r. c. sym.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

(C 3 H 7 NH 3 ) 2 CdCl 4 

ORT-phase 

220 

r ip = 0.2667(1) 

r op = 0.2535(2) 

d= 1.2592(3) 

78C1 

'V 'V c.f.a.p.; d: Eqs. 2.3 

OLT-phase 

« 130 

r ip = 0.2651(2) 
r ip = 0.2561(2) 

r op = 0.2561(2) 

d= 1.2758(4) 

780 

2 v. r ip r. c. sym.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

(C 8 H 17 NH 3 ),CdCl 4 

HT-phase 

LT-phase 

353 

243 

(r ip > = 0.266(1) 
(r ip > = 0.264(1) 

d= 2.394(5) 
rf= 2.252(10) 


830 

830 

(r ip ): Eq. 2.4; d: Eq. 2.3 
(r ip ): Eq. 2.4; d: Eq. 2.3 

(C,H 19 NH 3 ) 2 CdCl 4 

LT-phase 

295 

(r ip > = 0.2794 

d= 2.3083 


95K 

(r ip ): Eq. 2.4; d= c/2 sin/3 










Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

(C 10 H 21 NH 3 ) 2 CdCl 4 


HT-phase 

318 

IM-phase 

308 

LT-phase 

294 

(C 12 H 25 NH 3 ) 2 CdCl 4 


HT-phase 

360 

IM-phase 1 

334 

LT-phase 

293 

(C 14 H 29 NH 3 ) 2 CdCl 4 


a-phase 

>352 

y-phase 

348 

e-phase 

298 

Cd 1 


Cd 2 


(C 16 H 33 NH 3 ) 2 CdCl 4 


HT-phase 

360 

IM-phase 1 

354 

IM-phase 2 

348 

LT-phase 

293 

(C 2 H 5 NH 3 ) 2 HgCl 4 

243 

(C 3 H 7 NH 3 ) 2 HgCl 4 

300 

(C 8 H 17 NH 3 ) 2 HgCl 4 


HT-phase 

365 

LT-phase 

298 

(C 12 H 25 NH 3 ) 2 HgCl 4 


HT-phase 

393 

LT-phase 

298 

(C 16 H 33 NH 3 ) 2 HgCl 4 


HT-phase 

365 

LT-phase 

298 


M-X bond lengths f' ip and r op [nm] 
Interlayer distance d [nm] 


(f'ip) = 0.2653(2) 
<r ip > = 0.264(2) 

(r ip ) = 0.2634(1) 

d = 2.732(1) 
d = 2.581(3) 
d= 2.580(2) 

f'ip = 0.2655(1) 

</',„> = 0.2656(5) 
(r ip ) = 0.2649(1) 

d - 3.216(2) 
d= 3.175(2) 
d = 2.938(1) 

</-,„> = 0.265(1) 

(r ip ) = 0.261(2) 
d= 3.284 

d= 3.577(6) 
d= 3.360(7) 

7- ip = 0.2631(4) 
r lp = 0.2670(2) 

/• ip = 0.2656(4) 
r ip = 0.2650(2) 

r ip = 0.2649(1) 

(r ip ) = 0.2656(12) 
(r ip > = 0.2656(7) 
(f'ip) = 0.2639(6) 

d = 4.002(4) 
d= 3.823(6) 
d= 3.762(4) 
d= 3.657(2) 

r ip = 0.2767(1) 

/• ip = 0.2843(1) 

r op = 0.2437(1) 

7- ip = 0.2813(1) 

r op = 0.2426(1) 


d = 2.25 

00 

r- 

<N 

o' 

II 

c 

d = 2.10 

(f-, P ) = 0.274 
(r ip > = 0.278 

d= 2.97(2) 
d = 2.700(6) 


d= 3.77 

(r ip ) = 0.278 

d = 3.28 


r op = 0.2582(4) 
r op = 0.2544(2) 


d= 1.0189(2) 
d= 1.176(1) 


Ref. 

Remarks 

79K1 

(r ip ): Eq. 2.4; d: Eq. 2.3 

83C1 

(r ip ): Eq. 2.4; d: Eq. 2.3 

79K1 

(r ip ): Eq. 2.4; d= c/2 sin p 

85C1 

f ip , d: Eqs. 2.1, 2.3 

85C1 

(f ip ): Eq. 2.4; d: Eq. 2.3 

85C1 

(f'i p ): Eq. 2.4; d = c/2 sin fi 

88S1 

(f'ip): Eq. 2.4; d= c 

88S1 

(f'ip): Eq. 2.4; d= c 

88S1 

d~ c ■ sina • sin /1 

2 v. f'ip r. c. sym.; r ip , r op : c.f.a.p.; 

for each of the two inequivalent Cd-sites 

89C2 

f'ip, d: Eqs. 2.1, 2.3 

89C2 

(f'ip): Eq. 2.4; d: Eq. 2.3 

89C2 

(f'ip): Eq. 2.4; d: Eq. 2.3 

89C2 

(f'ip): Eq. 2.4; d = c/2 sin/1 

83B1 

2 v. f'ip r. c. sym.; r ip , r 0 p: c.f.a.p.; d: Eq. 2.3 

86B2 

f'ip, fpp: c.f.a.p.; d: Eq. 2.3 

79B1 

d det. dir. 

79B1 

(f'ip): Eq. 2.5; d det. dir. 

75L1 

(f'ip): Eq. 2.5; d det. dir. 

75L1 

(f'ip): Eq. 2.5; d det. dir. 

79B1 

d det. dir. 

79B1 

(f'ip): Eq. 2.5; d det. dir. 











Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

M-X bond lengths f' ip and r op [nm] 
Interlayer distance d [nm] 

(C 3 H 7 NH 3 ) 2 PbCl4 




ORT-phase 

295 

r ip = 0.2830(7) 
r ip = 0.2878(7) 

7- op = 0.2879(7) 
7-i p = 0.2899(7) 

(C 9 H 1Q NH 3 ) 2 PbCl 4 


<r ip ) = 0.2630 

d= 2.3718 

d) Diammonium Compounds wi 

th X = C 

L, Br 


[NH 3 (CH 2 ) 2 NH 3 ]MnCl 4 

[NH 3 (CH 2 ) 3 NH 3 ]MnCl 4 

296 

r lp = 0.2556(3) 
r ip = 0.2578(3) 

7- op = 0.2488(3) 

a-phase 

343 

r ip = 0.25933(5) 

7- op = 0.2483(2) 

|3-phase 

313 

7- ip = 0.25635(5) 

7- ip = 0.26210(6) 

7- op = 0.24877(8) 

y-phase 

[NH 3 (CH 2 ) 4 NH 3 ]MnCl 4 

296 

r ip = 0.25830(6) 
r lp = 0.25982(6) 

7- op = 0.24932(8) 

OHT-phase 

404 

7- ip = 0.2582(1) 

7- op = 0.2476(4) 

MRT-phase 

295 

r ip = 0.2557(4) 
r ip = 0.2595(4) 

7- op = 0.2486(4) 

[NH 3 (CH 2 ) 3 NH 3 ]FeCl 4 

295 

r ip = 0.2573(4) 

7- op = 0.2404(4) 

[NH 3 (CH 2 ) 2 NH 3 ]CuC1 4 

296 

7-jp = 0.2288(2) 

r ip = 0.2882(2) 

7- op = 0.2294(2) 

[NH 3 (CH 2 ) 3 NH 3 ]CuC1 4 

295 

7-ip = 0.2275(1) 

7^ = 0.2946(1) 

7- op = 0.2314(1) 

[NH 3 (CH 2 ) 4 NH 3 ]CuC1 4 

293 

7^ = 0.2308(2) 

7-jp = 0.3100(2) 

7- op = 0.2280(2) 

[NH 3 (CH 2 ) 5 NH 3 ]CuC1 4 

293 

d= 1.0638(4) 


Cu 1 


7-ip = 0.2279(1) 

7-i p = 0.3020(10) 

Cu 2 


7-jp = 0.2307(10) 

7- ip = 0.3058(7) 

[NH 3 (CH 2 ) 2 NH 3 ]CuBr 4 

293 

7-^ = 0.2431(1) 

7-jp = 0.3034(1) 

7- op = 0.2444(1) 



Ref. 

Remarks 

d= 1.2517(2) 

7-ip = 0.2911(7) 

89M1 

4 values for 7 - ip required by symmetry in this structure; 

7 - ip , 7 - op : c.f.a.p.; d: Eq. 2.3 


95K 

( 7 - ip ): Eq. 2.4; d = c/2 sin p 

d= 0.8599(2) 

78T1 

2 v. 7 ’ ip r. c. sym.; 7 - ip , 7 - op : c.f.a.p.; d = c sin P 

d= 0.9446(2) 

82C 

7 - ip , 7 - op : c.f.a.p.; d: Eq. 2.3 

d= 0.9434(2) 

82C 

2 v. 7 - ip r. c. sym.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

d= 0.9510(2) 

82C 

2 v. 7 -jp r. c. sym.; 7 - ip , 7 - op : c.f.a.p.; d: Eq. 2.3 

d= 1.0690(5) 

80T1 

7-ip, 7- op : c.f.a.p.; d = c 

d= 1.0758(6) 

80T1 

2 v. 7 -jp r. c. sym.; r ip , r op : c.f.a.p.; d = c sina 

d= 0.9285(15) 

75W1 

7 -jp, 7 - op : c.f.a.p.; d: Eq. 2.3 

d= 0.8102(3) 

78T1 

2 v. 7 -jp — def. oct.; 7 - ip , 7 - op : c.f.a.p.; d= c sin (i 

d= 0.9123(3) 

76P1 

2 v. 7 -jp = def. oct.; 7 - ip , 7 - op : c.f.a.p.; d: Eq. 2.3 

d= 0.9025(1) 

90G1 

2 v. 7- ip = def. oct.; 7- ip , 7- op : c.f.a.p.; d= c sin j5 

7- op = 0.2299(7) 

7- op = 0.2307(6) 

90G1 

d = c /2 sin (5 

2 v. 7-jp = def. oct.; 7- ip , 7- op : c.f.a.p.; 
for each of the two inequivalent Cu-sites 

d= 0.8328(3) 

88H1 

2 v. 7 - ip = def. oct.; 7 - ip , 7 - op : c.f.a.p.; d= c sin y3 












Table 3. M-X Bond Lengths and Interlayer Distances (continued) 


Compound 

7IK] 

M-X bond lengths r ip and r op [nm] 

Interlayer distance d [mn] 

Ref. 

Remarks 

[NH 3 (CH 2 ) 3 NH 3 ]CuBr 4 

Cu 1 

Cu 2 

293 

< 5 ?= 0.8750(3) 
r iv = 0.2442(3) 

'• ip = 0.2432(3) 

r ip = 0.3148(3) 
r ip = 0.3148(3) 

'-op = 0.2440(3) 

'•op = 0.2450(3) 

88 H 1 

d = cl2 sin fS 

2 v. '- ip = def. oct.; r, p , '- op : c.f.a.p.; 
for each of the two inequivalent Cu-sites 

[NH 3 (CH 2 ) 4 NH 3 ]CuBr 4 

293 

'• ip = 0.2442(1) 
r ip = 0.3185(1) 

r op = 0.2431(1) 

<5? = 0.9197(2) 

90G1 

2 v. ''i p = def. oct.; r ip , r op : c.f.a.p.; d= c sin /5 

[NH 3 (CH 2 ) 5 NH 3 ]CuBr 4 

Cu 1 

Cu 2 

293 

d= 1.0650(5) 
r ip = 0.2429(3) 
r,„ = 0.2430(2) 

r ip = 0.3164(3) 
r ip = 0.3179(3) 

'•op = 0.2450(3) 

''op = 0.2442(3) 

90G1 

d = c /2 sin/I 

2 v. '- ip = def. oct.; '- ip , '- op : c.f.a.p.; 
for each of the two inequivalent Cu-sites 

[NH 3 (CH 2 ) 2 NH 3 ]PdCl 4 

295 

r ip = 0.2300(5) 
r ip = 0.3062(5) 

r op = 0.2323(6) 

<5? = 0.791(2) 

76B3 

2 v. ''i p = def. oct.; r v , r op . c.f.a.p.; d= c sin /3 

[NH 3 (CH 2 ) 2 NH 3 ]CdCl 4 

295 

r ip = 0.2643(1) 

/• ip = 0.2648(1) 

'• op = 0.2556(1) 

d= 0.8599(5) 

92B1 

2 v. ''i P r. c. sym.; r ip , r op : c.f.a.p.; d = c sin (S 

[NH 3 (CH 2 ) 3 NH 3 ]CdCl 4 

295 

r ip = 0.2661(2) 
r ip = 0.2680(2) 

'- op = 0.2581(2) 

d= 0.9556(4) 

77W1 

2 v. ''i P r. c. sym.; r ip , r op . c.f.a.p.; d: Eq. 2.3 

[NH 3 (CH 2 ) 5 NH 3 ]CdCl 4 

OHT-phase 

353 

r ip = 0.2658(4) 

'op = 0.2547(3) 

d= 1.1778(3) 

87N1 

'• ip , '- op : c.f.a.p.; d: Eq. 2.3 

ORT-phase 

293 

r lp = 0.2645(2) 
r ip = 0.2658(2) 

'op = 0.2562(2) 

d= 1.1931(2) 

87N1 

2 v. ripr. c. sym.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

e) Diluted Magnets 

RbCro.7 3 Mgo. 2 7Cl 4 

4.2 

r ip = 0.2399(30) 
r lp = 0.2642(30) 

'op = 0.2413(11) 

c/ = 0.7881(6) 

86 F 1 

2 v. '"ip = def. oct.; r ip , r op : c.f.a.p.; d: Eq. 2.3 

f) Mixed Magnets 

Rb 2 Cro.989Mno.onCl 4 

293 

'• ip = 0.2399(15) 
r ip = 0.2736(15) 

'op = 0.2431(2) 

d= 0.7887(4) 

80M2 

2 v. ^ip — def. oct.; r- v , r op . c.f.a.p.; d: Eq. 2.3 


15 

r ip = 0.2389(8) 
r ip = 0.2694(8) 

'op = 0.2444(2) 

d= 0.7865(4) 

80M3 

2 v. ''i p = def. oct.; '- ip , '- op : c.f.a.p.; d: Eq. 2.3 

(CH 3 NH 3 ) 2 Mn 0 . 9 7 Cuo.o 3 Cl 4 

295 

r ip = 0.25677(5) 

'op = 0.2487(1) 

c? = 0.9701(4) 

82C2 

'• ip , rop: c.f.a.p.; d: Eq. 2.3 








Table 4. Data about Structural Phase Transitions 


Compound 

Phase sequence, transition temperature T Cn [K], 

References, remarks 


enthalpy A H n [J ■ mol 1 ] and entropy AS n [J ■ mol -1 • K *] 



of the n - th structural phase transition 


a) Fluorides 

(NH 4 ) 2 MgF 4 

I4/mmm < d — ' > P12j/cl 

Tc 

struct, pt. studied by: therm, m. [96S2], diffr. [96S2], see also [680] 


THT 

7c =163(1) 


MLT 

AH= 4.9(7) ■ 10 3 


AS - 43(7) 


b) Chlorides and Bromides with inorganic A + -ions 


Rb 2 CdCl 4 


Rb 3 Cd 2 Cl 7 


Rb 4 Cd 3 Cl 10 


I4/mmm <- 


-> Pccn 


Abma 
Bmab 

(P, G.) 


T c , AH, AS\ d.s.c. [96S2] 


struct, pt. studied by: therm, m. [85A2, 87G2, 90F1 ]; EPR (Mn-doped 
samples) [85 A1 ]; birefr. [85 A2, 87G2]; opt. m. [87G2, 90A5]; Raman 
sp. [85 A2, 86S2, 92S5]; NMR [90A4]; diffr. [68S1, 85A1, 85A2, 89K, 
90 A5] 

87 t 


(a, Go) 

*) The space group Pccn combines the order in Abma with that in Bmab; “'Rb-NMR studies yielded a high probability for Abma or Bmab 
[90A4] 

T c = 142.8 AS = 2.33 

dT c /dp = - 1.4(7) ■ 10“ S K/Pa 


t a / cont. Amam disc. ^,, , 

T4/mmm <- > <-> P4,/mnm 

T C i Bbmm T c , 

(a, Go) 

Tci =213.6 
T C 2= 172.1 


(P, G,) (y, G 3 ) 

AS i =2.99 
AS 2 = 1.00 


TzL/mmm COnt - Abma disc. . disc. A2 j/b 11 

I4/mmm Bmab ^-^P4 2 /ncm^-^ B12i/al 


(a. Go) 
Tci =237 


Bmab 

(p, G,) (y, G 2 ) (5, G 3 ) 

T C2 = 194 T C3 = 136 


T c , AS: C p (7) by ad. cal. [85A2, 87G2] 
dT c /dp: high press, exp. [87G2, 90F1] 

struct, pt.’s studied by: therm, m. [88A1, 89F1 ]; opt. m. [88A1, 90A5]; 
birefr. [89F1]; diffr. [68S1, 88A1, 90A5] 

Tci, T C2 : opt. m. [88A1] 

A Si, A S 2 : C p (T) by ad. cal. [88A1, 89F1] 

struct, pt.’s studied by: opt. m. [90A5, 90B2]; diffr. [68S1, 90A5, 
90B2] 

Tci, T C2 , T C3 : opt. m. [90A5, 90B2] 



















Table 4. Data about Structural Phase Transitions (continued) 


Compound 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol '] and entropy A S n [J ■ mol 1 • K ’] 
of the n - th structural phase transition 


c) Chlorides and Bromides with organic A + -ions 


(CH 3 NH 3 ) 2 CrCl 4 


Aba2 (295 K) < ■ - = , - > P12,/cl (87 K) 


(CH 3 NH 3 ) 2 MnCl 4 


I4/mmm e 


com. Abma 


disc. „ . . disc. 

—- > P4j /ncm <—-— 


A2 x lbU 

B12 3 /al 

(MLT) 


->???*) 


Bmab 

(THT) (ORT) (TLT) 

*) a further structural phase transition was concluded from an anomaly in the magn. 
susceptibility, structure of the new phase not yet determined [9 IP] 


(CD 3 ND 3 ) 2 MnCl 4 


T cx = 393.7 
T C1 = 257.02(7) 
r C3 = 94.37(5) 
r C4 = 46 

heating: T C2 = 256.9 
cooling: T C2 = 256.5 


AH[ = 63(13) 
AH 2 = 116(1) 
AH, = 727(5) 

r C 3 =95.1 
T c , = 93.7 


AS! = 0.13(4) 
AS 2 = 0.451(4) 
AS 3 = 7.76(5) 


same phase sequence as above, slightly different 
r a = 389.6 


Transition to a new phase at high pressure: 

T = 293 Abma <-» PI or Pi 

Bmab Pc 

(ORT) (HP) 

p c = 2.05(2) GPa at 295 K 


References, remarks 


different structures at 295 and 87 K [78B1, 85B1], struct, pt. expected, 
in C p (7) no sharp anomaly but only broad features observed in the range 
100-210 K[82R1] 

struct, pt.’s studied by: therm, m. [73A1, 75B1, 77D1, 77T1, 78S2, 
82W2]; opt. m. [73A1, 74A1]; birefr. [73A1, 74K1, 81K1]; diel. c. 
[78S1], NMR, NQR [76B1, 76K1]; Raman sp. [74S2, 77C4, 78A1, 
78C2, 83M1]; ir spectr. [75L2, 77V1, 78A1, 78L1, 78L2, 81R3]; elast. 
c. [79G3, 80G2, 81K1]; diffr. [68F1, 72A, 73H1, 74K1, 75H1, 76H1, 
77D1, 78L1, 79D1, 83C2, 90A1]; incoh. n.s. [80K1, 83M1, 84R1] 

T cl : 35 C1-NQR [ 76K1 ]; A H u AS,: C P (T) by d.s.c. [75B1] 

T C2 , A H 2 , AS 2 : C v (T) by ad. cal. [82W2] 

T C3 , AH 3 , AS 3 : C p (7) by ad. cal. [82W2] 

T C 4: meas. * magn t 9lp ] 

T C2 , T c , 'or heating, cooling: [74K1] 


T cl : diffr. [78L1] 


Pc'- high press, exp. [78H1, 89C1, 93C1] 


















Table 4. Data about Structural Phase Transitions (continued) 


Compound 


(C 2 H 5 NH 3 ) 2 MnCl 4 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol '] and entropy A S B [J ■ mol 1 • K ’] 
of the n - th structural phase transition 


I4/mmm 4 


cont. 



Abma 

Bmab 


disc. 



■» 


Pbca 

Pcab 


< _ > ???*) 


(THT) (ORT) (OLT) 


*) a further structural phase transition concluded from anomalies in elastic properties, 
thermal expansion and magnetic susceptibility, structure of the new phase not determined 
[89G6, 89Z2, 91P] 

T cl = 424 AH l = 71(13) AS) = 0.17(4) 

T C 2 = 225 AH, = 762 AS, = 3.5 

T a = 47.0(5) 

(C 3 H 7 NH 3 ) 2 MnCl4 


T . , cont. . , me. 

14/mmm <-> Abma <- 


, T Abma 
■^ N Ill 


reentr. . , me. 

<- > Abma <- 


~ Abma 

sll 


disc. 


■»P2,/bll 


(a) (P)* if)* (5)* (e) (Q 

* Twin domains (Abma - Bmab) observed with microscope for the (3-, y-, and 8-phases [89 Y1 ] 


7c i = 446 
r C2 = 396 
7c3 = 344 
7’c4= 164.3 

r C5 = 112.8 


AHi = 92(13) 
AH 2 = 251(21) 
AH 3 = 795(21) 
A Hi = 496(7) 
A H 5 = 586(2) 


AS! =0.21(3) 
AS 2 = 0.63(5) 
AS 3 = 2.34(5) 
AS 4 = 3.29(5) 
AS 5 = 5.47(2) 


(C 3 H 7 ND 3 ) 2 MnCl 4 


same phase sequence as above, slightly different Ten 
Tc 1=440 r C2 = 393 r C3 = 343 T C4 = 162.5 T C3 = 114.5 


(C 5 H n NH 3 ) 2 MnCl 4 


2 struct, pt.’s observed by d.s.c. 


a) heating 

r a =256 AH\ = 0.17 • 10 4 AS! = 6.6 

r C2 = 204 AH,= 1.15 ■ 10 4 AS 2 = 56.4 

b) cooling 

T C1 =235 T C2 = 203 


References, remarks 


struct, pt.’s studied by: therm, m. [73A1, 75B1, 77D1, 77D2, 77T1]; 
opt. m. [73A1, 74A1]; birefr. [73A1, 81K1, 82B1]; diel. c. [80F1]; elast. 
c. [81K1, 89Z2]; Raman sp. [76R1, 85H1, 89G6]; ir spectr. [78L1, 
78L2, 81R3]; difir. [74A1, 76D3, 77D1, 77D2, 79D1, 86A1, 90A1] 


T cu AH U A Sp C P (T) by d.s.c. [75B1] 

T C2 : birefr. [82B1]; AH,, AS 2 : C p (T) by d.s.c. [77T1] 

T C3 : meas. U s and thermal expansion: [89Z2] 

struct, pt.’s studied by: therm, m. [73A1, 75B1, 77D1, 81W3, 86M1]; 
therm, e. [84M2, 86M1]; opt. m. [73A1, 74A1, 89Y1]; birefr. [73A1, 
82B1, 84M2, 84S2]; HAUP [92S2]; NMR, NQR [82M1, 86M2, 88M1]; 
ir spectr. [78A1, 81D3]; diffr. [72P, 74A1, 77D1, 78D2, 79D1, 81D2, 
82D1, 83D1, 83D2, 86M2, 86M3, 88M1, 89S2, 90A1] 

T cl : birefr. [73A1]; A H u AS,: C P (T) by d.s.c. [75B1] 

T C2 , AH 2 , aS 2 : d.s.c. [77D1] 

T C3 , AH 3 , AS 3 : d.s.c. [77D1] 

T ca , AH 4 , AS 4 : C p (7) by ad. cal. [81W3] 
r C5 , AH 5 , AS s : C p (7) by ad. cal. [81W3] 


T C u T C2 , Tcu [ 86 M 1 ]; Z C4 , T c y. [ 88 M 1 ] 

str. diff. ph. not st. in det., only d by diffr. [95F1] - further studies: 
opt. m. and birefr. [73A1 ]; diffr. [79D1] 


Tcu m, A Sy. 
T C2 , AH,, AS,: 


d.s.c. [95F1] 


Tcu Tci- d.s.c. [95F1] 



















Table 4. Data about Structural Phase Transitions (continued) 


Compound 


(C 6 H 13 NH 3 ) 2 MnCl4 


(C 7 H 15 NH 3 ) 2 MnCl 4 


(C 9 H, Q NH 3 ) 2 MnCl 4 


(C 10 H 21 NH 3 ) 2 MnCl 4 


(C„H 23 NH 3 ) 2 MnCl 4 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol '] and entropy A S B [J ■ mol 1 • K ’] 
of the n - th structural phase transition 


2 struct, pt.’s observed as anomalies in C p (T) 

T cl =290.9 ATT, = 10035(24) AS, =37.17(8) 

7^ = 206.3 AH 2 = 5311(38) AS 2 = 25.73(18) 

2 struct, pt.’s observed as anomalies in C p (7) 


r C i = 313.8(1) AH] = 10197(9) AS) =32.5 

r C2 = 247.95(5) AH 2 = 16930(30) AS 2 = 68.2 

1 struct, pt. observed by d.s.c. 


a) heating 

T c = 293 AH = 3.22 ■ 10 4 AS =109.9 

b) cooling 
T c = 290 

r , f|r| disc. P2 j/b 11 
" t c P12,/al 
(HT) (LT) 

a) heating 

7b = 308 AH = 3.49 ■ 10 4 AS=113 

b) cooling 

7b = 303 AH= 3.55 ■ 10 4 AS=117 


2 or 3 struct, pt.’s observed by d.s.c., not clearly resolved because of 
overlap, data presented for one major pt.: 

a) heating 

7b = 316 A77 = 4.63 ■ 10 4 AS =147 

b) cooling 

7b = 309 A77 = 4.63 ■ 10 4 AS=150 


References, remarks 


str. diff. ph. not st. in det., only u.c.p. at 295 K [79D1] 
7bi, AT/,, AS,: 


T C2 , AH 2 , AS,: 


C p (7) ad. cal. [850] 


str. diff. ph. not st. in det., only d by diffr. [95F 1 ] - further studies: 
diffr. [79D1] 

Ten AT/,, AS,: 


T C2 , AH,, AS,: 


C p (7) by ad. cal. [83W3] 


str. diff. ph. not st. in det., only d by diffr. [95F1] - further studies: 
d.s.c. [74V 1 ]; diffr. [74V1, 79D1] 


7b, AT/, AS: d.s.c. [95F1] 

7b: d.s.c. [95F1] 

struct, pt.’s studied by: therm, m. [73A1, 73V, 75B1]; opt. m. [73A1]; 
birefr. [73A1]; diffr. [73V, 76C1]; incoh. n.s. [89G1] 


7b, AT/, AS: 
7b, AT/, AS: 


d.s.c. [73V] 


str. diff. ph. not st. in det., only d by diffr. [74V 1] 


7b, AT/, AS: 1 

d.s.c. [74V1] 

7b, AT/, AS: J 












Table 4. Data about Structural Phase Transitions (continued) 


Compound 

Phase sequence, transition temperature T Cn 

[K], 


enthalpy A H n [J ■ mol -1 ] and entropy AS n [J 
of the n - th structural phase transition 

■ mol -1 • K '] 

(C, 2 H 25 NH 3 ) 2 MnCl 4 

2 struct, pt. 

’s observed by d.s.c. 



r c ,=336 

A//, = 0.63 • 10 4 

AS, = 18.7 


7c2 = 332 

AH 2 = 4.98 ■ 10 4 

AS 2 = 150 

(C 1 3 H 27 NH 3 ) 2 MnCl 4 

2 struct, pt. 

’s observed by d.s.c. 



a) heating 
T cl = 343 

A//, = 0.75 ■ 10 4 

AS, =22 


7c2 = 331 

AH 2 = 5.22 ■ 10 4 

AS 2 = 158 


b) cooling 
T cl = 339 

A//, = 0.78 ■ 10 4 

AS, =23 


Ta = 323 

A // 2 = 5.12 ■ 10 4 

AS 2 = 159 

(C, 4 H 29 NH 3 ) 2 MnCl 4 

2 struct, pt. 

’s observed by d.s.c. 



T ci = 357 

A//, = 0.92 ■ 10 4 

AS, =26.4 


T C2 = 345 

AH 2 = 5.78 ■ 10 4 

AS 2 = 167.4 

(C, 5 H 3 ,NH 3 ) 2 MnCl 4 

3 struct, pt. 

’s observed by d.s.c. ( 2 nd pt. not well resolved) 


a) heating 
T ct = 362 
T C2 = 342 

AHi = 1.03 • 10 4 

AS, =28.5 


r C3 = 340 

AH 3 = 6.26 ■ 10 4 

AS 3 = 184 


b) cooling 
Tci = 357 
T C2 = ? 

A/7, = 1.05 ■ 10 4 

AS, = 29.4 


T& = 334 

AH } = 6.00 • 10 4 

AS 3 = 180 


References, remarks 


str. diff. ph. not st. in det., only d by diffr. [73V, 81N, 84N] - further 
studies: d.s.c. [75LI ], Raman sp. [8 IN] 


T Ch A Hi, A Si. 
T C2 , A H 2 , AS 2 . 


d.s.c. [8 IN, 84N] 


str. diff. ph. not st. in det., only d by diffr. [74V1] 


T C u A Hi, AS,: 
T a , A H 2 , AS 2 : 

T C i, A H lt AS,: 
T C2 , A H 2 , AS 2 : 


d.s.c. [74V1] 


d.s.c. [74V1] 


str. diff. ph. not st. in det., only d by diffr. [73V, 81N, 84N] 
r c „M7„AS, : is>c>[81N>84N] 

?C2> A H 2 , A S 2 . 

str. diff. ph. not st. in det., only d by diffr. [74V1] 


I'd, A//,, AS,: 1 

T C2 : d.s.c. [74V1] 

r C3 , AS 3 : J 


T cu A Hu AS,: 
Tq2- 

T C u A// 3 , AS 3 : 


d.s.c. [74V1] 












Table 4. Data about Structural Phase Transitions (continued) 


Compound 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol 1 ] and entropy A S B [J ■ mol 1 • K ’] 
of the n - th structural phase transition 


(C 16 H 32 NH 3 ) 2 MnCl4 


(C 17 H 35 NH 3 ) 2 MnCl 4 


2 struct, pt. 

’s observed by d.s.c. 


a) heating 

7b =364 

AT/, = 1.13 • 10 4 5 

AS, =31 

7b = 345 

AH 2 = 5.98 ■ 10 4 

AS 2 = 174 

b) cooling 
T C i = 361 

AT/, = 1.16 • 10 4 

AS, = 32 

T a = 338 

AH 2 = 5.61 • 10 4 

AS 2 = 167 

3 struct, pt. 

’s observed by d.s.c. ( 2 nd pt. not well resolved) 

a) heating 
7c, = 373 

AT/, = 1.44- 10 4 

AS, =38.6 

7b = 353 

AH 2 = 1.00 ■ 10 4 

AS 2 = 28.3 

7b = 349 

AH } = 6.39 ■ 10 4 

AS 3 = 183 

b) cooling (7b missing) 


7b =370 

A77, = 1.42 ■ 10 4 

AS, = 38.4 

7b = 342 

AH 3 = 7.06 • 10 4 

AS 3 = 206 


References, remarks 


str. diff. ph. not st. in det., only d by diffr. [73V] - further studies: d.s.c. 
[75L1] 


t C u at/,, A Sc. 

T C2 , A H 2 , ASy. 

Tcu m, AS,: 
Tci, a H 2 , ASy. 


T C u a//,, A Sc. 

T C2 , AH 2 , ASy. 
T a , AHu A S 3 : 

T cl , A//|, AS,: 
r C3 , A Hu A S 3 : 


d.s.c. [73V] 

• d.s.c. [73V1] 

| d.s.c. [74V1] 
J d.s.c. [74V1] 


(4-C 1C 6 H 4 NH 3 ) 2 MnCl 4 


(C, ,H 23 NH 3 ) 2 MnBr 4 


(C, 2 H 25 NH 3 ) 2 MnBr 4 


(C, 3 H 27 NH 3 ) 2 MnBr 4 


(C, 4 H 29 NH 3 ) 2 MnBr 4 


1 struct, pt. observed by d.s.c. 

T c = 345(3) AH= 2.06(10) • 10 3 

2 struct, pt.’s observed by d.s.c. on heating, on cooling the 2 nd pt. only, 
a 3 rd pt. observed on reheating after annealing at 270 K for several 
hours 

2 struct, pt.’s observed by d.s.c. on heating, on cooling the 2 nd pt. only, 
a 3 rd pt. observed on reheating after annealing at 270 K for several 
hours 

3 struct, pt.’s observed by d.s.c. on heating, on cooling the 3 rd pt. only, 
a 4 th pt. observed on reheating after annealing at 270 K for several 
hours 

3 struct, pt.’s observed by d.s.c. on heating and on cooling, a 4 th pt. and a 

5 th pt. observed on reheating after annealing at 270 K for several hours 


str. diff. ph. not st. in det., only u.c.p. by diffr. [79B4] 

T c , AH : d.s.c. [93M1]; further study: diel. c. [93M1] 

values of T c „, A H n , A5 n by d.s.c. (n = 1 - 3): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 

values of 7b, A H n , A5 n by d.s.c. (n = 1 - 3): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 

values of T Cn , AH n , A5 n by d.s.c. (n = 1 - 4): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 

values of T c „, A H n , A5 n by d.s.c. (n = 1 - 5): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 











Table 4. Data about Structural Phase Transitions (continued) 


Compound 

Phase sequence, transition temperature T Cn [K], 
enthalpy A H n [J ■ mol -1 ] and entropy A S n [J ■ mol -1 ■ K '] 
of the n - th structural phase transition 

(C 15 H 3l NH 3 ) 2 MnBr 4 

3 struct, pt.’s observed by d.s.c. on heating and on cooling, a 4 th pt. 
observed on reheating after annealing at 270 K for several hours 

(C 16 H 33 NH 3 ) 2 MnBr 4 

3 struct, pt.’s observed by d.s.c. on heating and on cooling, a 4 th pt. 
observed on reheating after annealing at 270 K for several hours 

(CH 3 NH 3 ) 2 FeCl 4 

,,, *. com. Abma*) disc. 

14/mmm*) 4 Bmab * } P4 2 /ncm*) 

(THT) (ORT) (TLT) 

*) space group not verified by structure determination but concluded 
from various experimental data [71M1, 74K1, 82G1, 84K1, 84Y1, 
91C2], in analogy to (CH 3 NH 3 ) 2 MnCl 4 and (CH 3 NH 3 ) 2 CdCl 4 

T c != 333.03 T C2 = 231.2 (heating) T C2 = 231.7 (cooling) 

dT cl /dp = - 2.2 • 10~ 8 K/Pa 
dT C2 /dp = -3.6 ■ 10~ 8 K/Pa 

(C 2 H 5 NH 3 ) 2 FeCl 4 

14/mmm*) Abma*)^^ Pbca*) ^- , ?? 

Tc\ Bmab*) T C2 Pcab*) r c3 
(THT) (ORT) (OLT) (?) 

*) space group not verified by structure determination but concluded 
from various experimental data [83S1, 84K1, 84Y1, 85Y1] in 
analogy to (C 2 H 5 NH 3 ) 2 MnCl 4 and (C 2 H 5 NH 3 ) 2 CdCl 4 

T ci = 378.8 T C2 = 203.5 T C3 = 133.7 

(C 12 H 25 NH 3 ) 2 FeCl 4 

1 struct, pt. observed by d.s.c. 

a) heating 

T c = 319 Aff = 4.4 • 10 4 AS= 138 

b) cooling 

T c = 306 AH= 4.3 • 10 4 AS = 141 


References, remarks 


values of T Cn , AH n , AS n by d.s.c. (n = 1 - 4): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 

values of T c „, A H n , AS n by d.s.c. (n = 1 - 4): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 

struct, pt.’s studied by: therm, m. [82G1, 84Y1]; opt. m. [82G1]; 
birefr. [74K1, 84K1]; ir spectr. [75L2]; elast. c. [82G1, 84K1, 84Y2]; 
diffr. [71M1, 74K1, 78H2, 82M2] 


T cl : birefr. [84K1], r C2 : birefr., diffr. [74K1] 


dT cl /dp: 

dT C2 /dp: 


high press, exp. [82G1] 


struct, pt.’s studied by: therm, m. [84Y1]; opt. m. [83S 1 ]; birefr. 
[84K1]; diel. c. [83S1]; elast. c. [83S1, 85Y1] 


Tcu Tq 2 , T C3 : opt. m., diel. c., elast. c [83S1] 
str. diff. ph. not st. in det., only d by diffr. [77L1] 

T c , AH, AS: ' 


T a AH, AS: 


d.s.c. [75L1] 















Table 4. Data about Structural Phase Transitions (continued) 


Compound 

Phase sequence, transition temperature T Cn [K], 
enthalpy A H n [J ■ mol -1 ] and entropy AS n [J ■ mol -1 • K '] 
of the n - th structural phase transition 

(C 16 H 33 NH 3 ) 2 FeCl 4 

2 struct, pt.’s observed by d.s.c. 

a) heating 

7b =367 M, = 1.2'10 4 AS, = 33 

7b = 344 ATT, = 5.4 ■ 10 4 AS, = 157 

b) cooling 

7b =353 A/7, = 1.2 ■ 10 4 AS, = 34 

T C2 = 329 ATT, = 5.4 ■ 10 4 AS, = 164 

(CH 3 NH 3 ) 2 CuC1 4 

Bbcm < conL ) B12,/cl(P12,/cl) 

Tc 

(C,H 5 NH 3 ) 2 CuC1 4 

In diffrcition studies [87P], the monoclinic structure was found over 
temperature range 100 K - 297 K, in contrast to earlier results [84S1] 
and in contrast to CJT) measurements [82W3] which revealed an 
anomaly near 229 K 

T c = 348 

T c = 229.33 AH= 115(4) AS=0.50(2) 

T ~ 230 K: change of colour (thermochromism) 

Bbcm< >P12,/cl < - d - c '. >Pbca<-> triclinic*) 

Tc l Tq 2 T C3 

(a) (p) (y) (5) 

*) Preliminary diffraction data indicate triclinic symmetry below T C2 
[89J] 

T C1 =364 

T C2 = 356 (heating) T C2 = 338 (cooling) 

7b = 233 

T ~ 230 K: change of colour (thermochromism) 


References, remarks 


str. diff. ph. not st. in det., only d by diffr. [74V1] 


T cl , A H u A Si. 
T C1 , A H 2 , AS,: 


d.s.c. [75L1] 


Ten m, A Sy. 
T a , A H 2 , AS 2 : 


d.s.c. [75L1] 


struct, pt.’s studied by: therm, m. [82W3]; opt. m. [89J]; birefr. [77H1, 
79K3, 89 J] ; ir spectr. [76S3, 79S4, 81R3]; diffr. [64W, 79S2, 83S2, 
83C2, 84S1, 86J1, 87P, 89J]; opt. spectr. [67W2] 


T c : birefr. [79K3, 89J] 

T c : C V {T) by ad. cal. [82W3] 

T (colour change): opt. spectr. [67W2], see also [79S2] 

struct, pt.’s studied by: therm, m. [81T1, 85F2]; therm, e. [81T1, 
85F2]; opt. m. [89J]; elast. c. [83K]; ir spectr. [79S4]; birefr. [77H1, 
79K3, 81T1, 83K2, 85F2, 89J]; diffr. [70S1, 83T1, 83T2, 86J1, 89J, 
91J1]; opt. spectr. [67W2] 

T a \ birefr. [79K3, 83K2], diffr. [89J] 

Tq 2 . birefr., diffr. [89J] 

r C3 : birefr. [83K2, 89J], diffr. [89J] 

T (colour change): opt. spectr. [67W2] 













Table 4. Data about Structural Phase Transitions (continued) 


Compound 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol '] and entropy A S B [J ■ mol 1 • K ’] 
of the n - th structural phase transition 


(C 3 H 7 NH 3 ) 2 CuCl 4 


Bbcm 

cont ■ ; pbea ; 

inc. .pPbca reentr. 

Pbca 



> pP2,/n 

disc. 

P2 1 /cll 

Tci 

T C 2 ' ssl ' T a 


P2j/nl 1 

) ^ 1 1 

T C 6 



7C4 

' Tq5 


(a) 

(P) 

(y) 

(5) 


(e) 

(0 


(D) 



T C i =436 


Tci = 

413 

Tc3 = 383 




7 c4 = 192 (heating) 
r c45 = 180 (cooling) 

T C5 = 180 (heat. + cool.) A H s = 1.72(20) • 10 3 AS 5 = 13.3(8) 
r C6 = 141 (heating) AH 6 = 1.68(17) • 10 3 AS 6 = 11.8(8) 

T C6 = 132 (cooling) 


(C 9 H 19 NH 3 ) 2 CuC1 4 


2 struct, pt.’s observed by d.s.c. and ir spectr. 


(C 10 H 2 i NH 3 ) 2 CuC1 4 


r cl =308 ATT) = 0.46 -10 4 

T C2 = 295 AH 2 = 2.53 ■ 10 4 

2 struct, pt.’s observed by NMR 


AS) = 14.9 
AS 2 = 84.9 


T C1 = 315 (minor pt.) T c2 = 309 (major pt.) 
only 2 nd pt. observed by d.s.c. 

a) heating 

T C2 = 306 AH 2 = 2.8 ■ 10 4 AS 2 = 91 

b) cooling 

r C2 = 301 AH 2 = 2.7 ■ 10 4 


AS 2 = 91 


References, remarks 


struct, pt.’s studied by: therm, m. [88E]; therm, e. [88E]; opt. m 
[94J 1 ]; birefr. [88E, 88K2, 89 J]; diffr. [70B2, 86J1, 89D1, 89 J, 90D1, 
90D2, 92S3, 94J1] 


T cl : birefr., therm, e. [88E] 

T cl , r C3 : birefr., diffr. [89J] 

7^4 (heating), r C45 (cooling): birefr. diffr. [89J] 

Tq$ (heat. + cool.), A H s , AS 5 : C p (7) by ad. cal. [88E] 
T C6 (heating), A H 6 , AS 6 : C p (7) by ad. cal. [88E] 

T C6 (cooling): birefr., diffr. [94J1] 


str. diff. ph. not st. in det., only d by diffr. [74V2] - further studies: 
d.s.c. [74V3] 


T ci , A H h AS,: 
T C2 , A H 2 , AS 2 : 


d.s.c. and ir spectr. [95N1] 


str. diff. ph. not st. in det., only d by diffr. [74V2, 81K2] - further 
studies: d.s.c. [74V3, 78A2] 

T cu T C2 : NMR [80B2, 81K2] 


T C2 , A H 2 , AS 2 : 


T C2 , A H 2 , AS 2 : 


d.s.c. [74V3] 
















Table 4. Data about Structural Phase Transitions (continued) 


Compound 

Phase sequence, transition temperature A Cn 

[K], 


enthalpy A H n [J ■ mol -1 ] and entropy AS n [J 
of the n - th structural phase transition 

■ mol -1 • 

(C„H 2 3 NH 3 ) 2 CuCl 4 

1 struct, pt. observed by d.s.c. 



a) heating 
T c = 313 

b) cooling 

A//=3.8 • 10 4 

AS = 


T c = 305 

AH=4.0 • 10 4 

AS = 

(C, 2 H 25 NH 3 ) 2 CuC1 4 

2 struct, pt. 

s observed by d.s.c. 



r c , =338 

AH] = 0.795 • 10 4 

AS, 


Ac 2 = 330 

A/A = 4.165 • 10 4 

as 2 

(C, 3 H 27 NH 3 ) 2 CuC1 4 

2 struct, pt. 

s observed by d.s.c. 



a) heating 
A C1 = 344 

A//, = 1.0 ■ 10 4 

AS, 


A C2 = 333 

A/A = 4.8 ■ 10 4 

as 2 


b) cooling 
A c , = 340 

AH] = 1.0 ■ 10 4 

AS, 


A C2 = 323 

AH 2 = 4.7 ■ 10 4 

as 2 

(C, 4 H 29 NH 3 ) 2 CuC1 4 

2 struct, pt. 

s observed by d.s.c. 



A c , = 356 

AH] = 1.09 • 10 4 

AS, 


A C2 = 334 

A/A = 5.02 ■ 10 4 

as 2 

(C,,H 3 ,NH 3 ) 2 CuC1 4 

2 struct, pt. 

s observed by d.s.c. 



a) heating 
A c , =358 

AH] = 1.2 ■ 10 4 

AS, 


A C2 = 343 

A/A = 5.4 ■ 10 4 

as 2 


b) cooling 
A c , = 355 

AH] = 1.3 ■ 10 4 

AS, 


A C2 = 337 

A/A = 5.4 ■ 10 4 

as 2 


K- 1 ] 


125 

133 


= 23.7 
= 126.8 


= 33 
= 141 

= 33 
= 150 


= 30.6 
= 150.3 


= 33 
= 158 

= 33 
= 158 


References, remarks 


str. diff. ph. not st. in det., only d by diffr. [74V2] 
A c , AH, AS: 


A c , AH, AS: 


d.s.c. [74V3] 


str. diff. ph. not st. in det., only d by diffr. [74V2, 77L1, 84N] - further 
studies: d.s.c. [74V3, 75L1, 78A2, 81N] 

Tcu ^ ^ d.s.c. [84N] 

T C2 , AH 2 , AS 2 : 

str. diff. ph. not st. in det., only d by diffr. [74V2] 


T C u AHu AS,: 
T a , AH 2 , A S 2 : 

T cu AHu AS,: 
T C2 , AH 2 , AS 2 : 


d.s.c. [74V3] 


d.s.c. [74V3] 


str. diff. ph. not st. in det., only d by diffr. [74V2, 84N] - further studies: 
d.s.c. [74V3, 78A2, 8 IN] 

) d -“- [84Ni 

str. diff. ph. not st. in det., only d by diffr. [74V2] 


T C u AH h AS,: 
T C2 , A/A, AS 2 : 


d.s.c. [74V3] 


T cu AH u AS,: 
T C2 , A/A, AS 2 : 


d.s.c. [74V3] 














Table 4. Data about Structural Phase Transitions (continued) 


Compound 

Phase sequence, transition temperature T Cn 
enthalpy A H n [J ■ mol -1 ] and entropy AS n [J 
of the n - th structural phase transition 

[K], 

■ mol -1 • K '] 


References, remarks 

(C, 6 H 33 NH 3 ),CuC1 4 

3 struct, pt. 

s observed by d.s.c. 



str. diff. ph. not st. in det., only d by diffr. [74V2, 77L1] - further 






studies: d.s.c. [74V3, 78A2] 


a) heating 






7ci= 360 

AT/, = 1.4 ■ 10 4 

AS, =39 


T’ci, A H h AS,: 1 


7c 2 = 354 

AH 2 = 0.75 ■ 10 4 

AS 2 = 21 


T C2 , AH 2 , AS 2 : [ d.s.c. [75L1] 


T a = 345 

A // 3 = 3.6 ■ 10 4 

AS 3 = 104 


T C3 ,AH 2 ,AS 2: J 


b) cooling 






r cl =356 

ATT, = 1.4 ■ 10 4 

AS, =39 


T’ci, A//,, AS,: 1 


T C2 = 346 

AH 2 = 0.97 • 10 4 

AS 2 = 28 


T C2 , AH 2 , AS 2 : [ d.s.c. [75L1] 


7c3 = 339 

AH 3 = 3.9 ■ 10 4 

AS 3 = 115 


T C3 , AH 3 , AS 3 : J 

(C 17 H 35 NH 3 ) 2 CuC1 4 

3 struct, pt. 

s observed by d.s.c. 



str. diff. ph. not st. in det., only d by diffr. [74V2] 


a) heating 






T’ci = 368 

ATT, = 1.5 ■ 10 4 

AS, =42 


Tqi, A H\, AS\’. ] , V1A\T'X~\ 

‘ * J d.s.c. [74V3] 


^02 = 361 

ATT, = 0.9 ■ 10 4 

AS 2 = 25 


r C2 , A// 2 , AS,: 


7c3 — 352 

A H } = 5.4 ■ 10 4 

AS 3 = 158 


t C3 , ah 3 , as 3 . J 


b) cooling 






T cl = 365 

ATT, = 1.7 ■ 10 4 

AS, =42 


T’ci, A Hi, AS,: 1 


7c 2 = 351 

AH 2 = 1.0 ■ 10 4 

AS 2 = 25 


J c2 , A H 2 , AS,: l d.s.c. [74V3] 


T a = 344 

AH 3 = 5.3 ■ 10 4 

AS 3 = 158 


T C3 , AH 3 , AS 3 : J 

(C 3 H 7 NH 3 ) 2 CuBr 4 





sequence of structural phases and structures studied by diffr. [77K2, 






92S3, 94J2] in the temperature range 100 - 300 K (only low temperature 






phases) 



^C45 




Bbcm ? 4-> ?? 4 - 

—>?? <- 

—>Pbca 

^ pP2,/n f disc. 

-^P 1 4- 

_>?? 

Tci Tri Tq 3 

4— --P2./nll 

■ > 11 t'ci i 


^C7 



^C4 

fc5 



(a) (|3) 

(Y) 

(§) (e) 

(0 

(b) 



q 0 = 8 ■ b* + <7 ■ c* —» qo = 0.5 ( b * + c*) at the phase transition C —> T| (lock-in transition) [94J2] 



















Table 4. Data about Structural Phase Transitions (continued) 


Compound 

(C 3 H 7 NH 3 ) 2 CuBr 4 (cont.) 

(CnH 23 NH 3 ) 2 CuBr 4 
(C 12 H 25 NH 3 ) 2 CuBr 4 
(C 13 H 27 NH 3 ) 2 CuBr 4 
(C 14 H 29 NH 3 ) 2 CuBr 4 
(C 15 H 31 NH 3 ) 2 CuBr 4 
(C 16 H 33 NH 3 ) 2 CuBr 4 

(CH 3 NH 3 ) 2 CdCl 4 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol '] and entropy AS„ [J ■ mol 1 • K ’] 
of the n - th structural phase transition 


Ten T c2 , r C3 : not determined 

T c $ = 203 (heating) T C4 5 =183 (cooling) 

r C5 = 187 (heating + cooling) 

T C6 = 146 (heating) T c 6 =139 (cooling) 

T C1 = 114 (heating) T C1 = 102 (cooling) 

2 struct, pt.’s observed by d.s.c. on heating and on cooling, a 3 ld pt. 
observed on reheating after annealing at 270 K for several hours 

1 struct, pt. observed by d.s.c. on heating and on cooling 


1 struct, pt. observed by d.s.c. on heating and on cooling 


1 struct, pt. observed by d.s.c. on heating and on cooling, a 2 nd pt. 
observed on reheating after annealing at 270 K for several hours 

1 struct, pt. observed by d.s.c. on heating and on cooling, a 2 nd pt. 
observed on reheating after annealing at 270 K for several hours 

2 struct, pt.’s observed by d.s.c. on heating and on cooling, a 3 ld pt. 
observed on reheating after annealing at 270 K for several hours 


T . . cont. 

14/mmm <-> 


(THT) 


Abma disc. 
Bmab r C2 


(ORT) 


P4 2 /ncm < > 

Z T C 3 

(TLT) 


AlilbU 

B^/al 

(MLT) 


r cl =484 A//, = 79 AS) =0.17 

r c , = 282 AH 2 = 66.5 AS 2 = 0.24 

r C3 = 164.2 AH } = 1750 AS 3 = 10.80 

heating: T c 2 = 279.3 T a = 164.2 
cooling: T C2 = 278.5 T C3 = 163.5 

Pq =1.4 GPa at 295 K 


References, remarks 


T C 4 , T C 45 , T C5 , T C6 , Tcf. diffr. [92S3, 94J2] 


values of T Cn , A H a , AS n by d.s.c. (n = 1 - 3): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 

values of T c , AH, AS by d.s.c.: see [81V], str. diff. ph. not st. in det., 
only d by diffr. [81V] 

values of T c , AH, AS by d.s.c.: see [81V], str. diff. ph. not st. in det., 
only d by diffr. [81V] 

values of T Cn , AH n , AS n by d.s.c. (n = 1, 2): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 

values of T c „, A H n , AS n by d.s.c. (n = 1, 2): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 

values of T c „, A H n , AS n by d.s.c. (n = 1 - 3): see [81V], str. diff. ph. not 
st. in det., only d by diffr. [81V] 


struct, pt.’s studied by: therm, m. [74B2, 750 , 76C2, 77T1, 78S2, 
81R2]; opt. m. [76C2, 80G1, 82W4]; diel. c. [76L1, 80G1, 80H3, 
82W4]; NMR, NQR [76S2, 77B1]; elast. c. [80G2]; Raman sp. [77C4, 
78C2, 81 M2, 83M1, 83M2, 83M3]; ir spectr. [76S3, 770, 79S4, 81R3]; 
diffr. [750 , 76C2]; diff. x-ray sc. [84M3] 


T C i, AHi, AS): C p (7) by d.s.c. [77T1] 


T C2 , AH 2 , AS 2 . 
T a , AH 3 , A S 3 : 


C P (T) by ad. cal. [81R2] 


Tq 2 , T C3 on heating, cooling: diel. c. [76L1] 


Pc- high press, exp. [78H1, 83M3J 















Table 4. Data about Structural Phase Transitions (continued) 


Compound 

Phase sequence, transition temperature T Cn [K], 
enthalpy A H n [J ■ mol '] and entropy AS n [J ■ mol -1 • K '] 
of the n - th structural phase transition 

References, remarks 

(C 2 H 5 NH 3 ) 2 CdCl 4 

IPmmm < conL - Abma - disc ■ > pbca ( disc ■ , P2i/bll*) 

T c < Bmab T C2 Pcab T a P12,/al*) 

(THT) (ORT) (OLT) (MLT) 

*) space group not verified by structure determination but concluded 
from the temperature dependence of Raman spectra [85H1 J 

struct, pt.’s studied by: therm, m. [74B2, 77C2, 77T1 ]; opt. m. 

[77C2,]; diel. c. [76L1, 80L1]; NMR [77B1]; Raman sp. [77C4, 81M2, 
82H1, 82H2, 82M3, 84H2, 85H1]; ir spectr. [7901, 79P1, 79P2, 81R3, 
82H2], diffr. [77C2] 


T cl = 485 A Ht = 108 AS! = 0.22 

T C2 = 216.2(5) A//, = 2163 AS 2 =9.7 

T C3 = 114.2(9) 

r Ci , A H u AS,: C p (7) by d.s.c. [77T1] 

T C2 : opt. m. [77C2] A H 2 , A S 2 : C p (7) by d.s.c. [77T1] 

T C3 : opt. m. [77C2] 

(C 3 H 7 NH 3 ) 2 CdCl4 

Abma <———>P A ^f? <->Pbca<- >V 

T c i 811 T C2 T c , 

(ORT) (INC) (OLT) 

struct, pt.’s studied by: therm, m. [74B2, 780, 81W3, 85M]; diel. c. 
[76L 1 ]; NMR [77B1]; Raman sp. [81M2, 85M]; ir spectr. [81D3]; diffr. 
[780, 85M, 88D2] 


T cl = 178.7(3) A Ht = 982(4) AS[ = 6.16(2) 

T C2 = 156.8(2) A// 2 = 598(5) AS 2 = 3.85(3) 

T a = 105.5(1) A^ 3 = 1472.3(1) AS 3 = 13.956(1) 

T ch AH h AS t : ' 
T C2 , AH 2 , A S 2 : 

/'< :■ AH, A S 3 : , 

■ C p (7) by ad. cal. [81W3] 

(CH 2 =CHCH 2 NH 3 ) 2 - 

-CdCl 4 

2 struct, pt.’s observed as anomalies in C p (7) 

Comparison of this compound with (C 3 H 7 NH 3 ) 2 CdCl 4 : 2 instead of 3 
struct, pt.’s; higher T Cn , larger A H n and larger AS„ —> influence of the 
double bond [82W5] 


T cl = 266.7(1) AH , = 2000(5) AS! = 7.87(2) 

r C2 = 206.9(2) A// 2 = 2140(80) AS 2 = 10.5(4) 

r cl , AHi, AS,: ' 
T C2 , AH 2 , A S 2 : 

C p (7) by ad. cal. [82W5] 

(C 7 H1 5 NH 3 ) 2 CdCl 4 

2 struct, pt.’s observed as anomalies in C p (7) 

str. diff. ph. not st. in det. 


7ci =316.74(5) AH t = 0.506(8) ■ 10 4 AS[ = 16.0(2) 

T C2 = 250.00(5) A// 2 = 1.763(1) ■ 10 4 AS 2 = 71.38(4) 

T C u AH U AS,: 
T C2 , AH 2 , a S 2 : . 

C p (7) by ad. cal. [83W3] 

(C 8 H 17 NH 3 ) 2 CdCl 4 

Amaa*) <— >??<— -> P12i/nl*) 

d C\ J C2 

(HT) (IM) (LT) 

struct, pt.’s studied by: therm, m. [830, 85R1 ]; Raman sp. [82R2, 
830, 85R1 ]; ir spectr. [85R1]; diffr. [830, 85R1] 


*) space group not verified by a structure determination but concluded from diffraction data [83C1, 85R1], in analogy to (CioH 2 iNH 3 ) 2 CdCl 4 


r cl =308.1(4) 
T C2 = 268.8(5) 


AT/, = 0.51(3) ■ 
AH 2 = 1.45(5) 


10 4 

10 4 


= 16.7(9) 
AS 2 = 54.2(18) 


T cl , A H x , AS,: 
T C2 , A H 2 , AS 2 : 


d.s.c. [83C1, 85R1] 





















Table 4. Data about Structural Phase Transitions (continued) 


Compound 


(C 9 H 19 NH 3 ) 2 CdCl 4 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol '] and entropy A S B [J ■ mol 1 • K ’] 
of the n - th structural phase transition 


2 struct, pt.’s observed by d.s.c. 


References, remarks 


str. diff. ph. not st. in det., only u.c.p. at 295 K [95K] - further studies: 
Raman sp. and ir spectr. [95K] 


T C i = 303 


T C 2 = 296 


Tcu Tc 2 - d.s.c. [95K] 


struct, pt.’s studied by: therm, m. [79K1, 81N, 85R1]; diel. c. [79K1 ]; 
NMR, NQR [79B3, 79K1, 80B2, 81K2]; Raman sp. [81N, 84R2, 85C3]; 
ir spectr. [84R2, 85C3]; diffr. [79B3, 79K1, 81K2, 81N, 83C1] 

*) space group not verified by a structure determination but concluded from various experimental data and group theory [79K1, 83C1, 85R1] 

r C i = 312 AHi = 3.276 ■ 10 4 AS, = 105(5) 

T c2 = 308 A H 2 = 0.462 ■ 10 4 AS 2 = 15(5) 


Tcu m, A5,: 
T C 2, a Hi, A Sy. 


d.s.c. [79K1] 


(C 10 H 21 NH 3 ) 2 CdCl4 


Amaa < > Pmnn*) < ■ d — ' - > P12i/nl 


(HT) 


(IM) 


(LT) 


(C 12 H 25 NH 3 ) 2 CdCl 4 


tetragonal 4 ) < - p -' : > Amaa*) < d ' ^ c ‘ 
Tq\ Tq 2 

(HT) (IM1) 

+ ) space group not determined *) 


-»??4- 


disc. 


4 P12,/nl*) 


(IM2) (LT) 
indexing of diffraction data [85C1] compatible with this space group 


struct, pt.’s studied by: therm, m. [8 IN, 84N, 85C1, 85R1 ]; Raman sp. 
[81N, 85C1, 85R1 ]; ir spectr. [85C1, 85R1,]; diffr. [81N, 84N, 85C1] 


T C i = 345 
r C2 «331 
2b = 327 


A//, ~ 0 

AH 2 = 0.65(30) ■ 10 4 
AH 3 = 4.0(3) ■ 10 4 


AS, => 0 
AS 2 = 21(0) 
AS 3 = 123(10) 


T cl , AH U AS { : 1 

T C2 ,AH 2 ,AS 2 : [ d.s.c. [85C1.85R1] 
T a ,AH 3 ,ASy. J 


(C 14 H 29 NH 3 ) 2 CdCl 4 


a <r~ 




-> y <r~ 


-> 5 <—=—>8 ( PI ) 


1 st set of d.s.c. data 


2 nd set of d.s.c. data 

(for comparison) 


1 st heating 7a =351 r C2 = 350 T a = 347 

1 st cooling <—r clj2 = 348 ^ T a = 343 

2 nd heating T c] =351 T C2 = 350 T a = 346 

2 nd cooling <- T C1 , 2 = 348—> T a = 343 

a) initial heating 

T cl = 351 AT/] = 2.30 ■ 10 4 

struct, pt. ’s at T C2 and T C2 missing 
T C4 = 345 A/7 4 = 3.81 ■ 10 4 


7c4 = 345 
7c4 = 341 
T C4 = 344 
7^4 = 341 


AS! = 65.7 
AS 4 = 109.7 


except for the e-phase, str. diff. ph. not st. in det., only u.c.p. for the a- 
and y-phases by diffr. [88S1] - further studies: d.s.c. [8 IN]; diffr. [84N] 

7cn T C2 , T C3 , T C4 : d.s.c. [88S1], no values for AH and AS are 
.. given in this study because of overlap of the curves corresponding to 
the pt. 's 


T cu AT/,, AS,: 

1 d.s.c. [84N] 
T C4 , ATT,, AS 4 : J 























Table 4. Data about Structural Phase Transitions (continued) 


Compound 

(C 14 H 29 NH 3 ) 2 CdCl 4 

(cont.) 

(C 16 H 33 NH 3 ) 2 CdCl 4 

(C 18 H 37 NH 3 ) 2 CdCl 4 

(C 10 H 21 NH 3 ) 2 CdCl 2 Br 2 
(C„H 23 NH 3 ) 2 CdCl 2 Br 2 
(C 12 H 25 NH 3 ) 2 CdCl 2 Br 2 
(Ci 3 H 27 NH 3 ) 2 CdCl 2 Br 2 
(C i 4 H 29 NH 3 ) 2 CdCl 2 Br 2 
(C 15 H 3l NH 3 ) 2 CdCl 2 Br 2 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol '] and entropy A S B [J ■ mol 1 • K '] 
of the n - th structural phase transition 


b) reheating 


Tci — 351 

A//, = 2.47 • 10 4 

AS] = 69.9 

struct, pt. at T C2 missing 


T„ = 347 

A# 3 = 1.59 • 10 4 

AS 3 = 46.5 

T C a = 345 

AH, = 2.39 • 10 4 

AS 4 = 69.1 

HT <—--> IM1 <- 

—-> I M2 -> LT 


T a 

r C2 T a 


T cl = 356 

AH t =3.15(18) ■ 10 4 

AS] = 88(5) 

T C 2 = 352 

A^ 2 = 0.77(3)- 10 4 

AS 2 = 21.9(17) 

T C } = 345 

AH} = 4.04(22) ■ 10 4 

AS} = 117(7) 

4 struct, pt.’s observed as anomalies in C V (T) 


r c ,= 365.6(3) 

AH t = 3.43(3) • 10 4 

AS, =95(1) 

T C2 = 359.5(3) 

A// 2 = 0.35(1)- 10 4 

AS 2 = 9.6(3) 

Tea = 356.0(1) 

AH} = 0.23(1)- 10 4 

AS} = 6.5(3) 

r C4 = 349.6(1) 

AH, = 4.95(5) - 10 4 

AS 4 = 132(1) 

2 struct, pt.’s observed by d.s.c., only one set T) 

-, AH and AS 


detennined since the two not resolved due to overlap 
2 struct, pt.’s observed by d.s.c. 

2 struct, pt.’s observed by d.s.c., only one set T c , A H and AS 
determined since the two not resolved due to overlap 

3 struct, pt.’s observed by d.s.c. 

2 struct, pt.’s observed by d.s.c., only one set T c , AH and AS 
detennined since the two not resolved due to overlap 

3 struct, pt.’s observed by d.s.c. 


(C, 8 H 37 NH 3 ) 2 CdCl 2 Br 2 


2 struct, pt.’s observed by d.s.c. 


References, remarks 


T cu A H u AS,: 


r C3 , A H } , AS } : 
T C a, A Hu, AS 4 : 


d.s.c. [84N] 


str. diff. ph. not st. in det., only u.c.p. by diffr. [89C2]; struct, pt.’s 
studied by therm, m. and diffr. [85R1, 89C2] 

T cu AH h AS,: j 
T C2 ,AH 2 ,AS 2 : d.s.c. [89C2] 

r C3 , AH}, AS}. J 


str. diff. ph. not st. in det. 


T cl , A Hi, AS, 
T C 2, a h 2 , as 2 

T a , AH}, AS} 
T C a, A Hu, AS, 


C p (7) by ad. cal. [84W1, 84W2] 


values of T c , AH, AS by d.s.c.: see [80H2], str. diff. ph. not st. in det. 


values of T Cn , AH n , AS n by d.s.c. (n = 1, 2): see [80H2], str. diff. ph. not 
st. in det. 

values of T c , AH, AS by d.s.c.: see [80H2], str. diff. ph. not st. in det. 


values of T Cn , AH m AS n by d.s.c. (n = 1 - 3): see [80H2], str. diff. ph. not 
st. in det. 

values of T c , AH, AS by d.s.c.: see [80H2], str. diff. ph. not st. in det 


values of T Cn , AH n , AS n by d.s.c. (n = 1 - 3): see [80H2], str. diff. ph. not 
st. in det. 

values of T Cn , AH n , AS n by d.s.c. (n = 1, 2): see [80H2], str. diff. ph. not 
st. in det. 














Table 4. Data about Structural Phase Transitions (continued) 


Compound 

Phase sequence, transition temperature T Cn [K], 
enthalpy A H n [J ■ mol '] and entropy AS n [J ■ mol -1 • K '] 
of the n - th structural phase transition 

(C 2 H 5 NH 3 ) 2 HgCl 4 

2 struct, pt.’s observed as anomalies in C p (7) 

(C3H 7 NH 3 ) 2 HgCl4 

r C i= 220(5) A//, = 1.66 • 10 3 

T C2 = 190(5) AH, = 0.42 • 10 3 

2 struct, pt.’s observed as anomalies in C p (T) 

(C 8 H 17 NH 3 ) 2 HgCl 4 

T c i=205(5) AH t = 5.73 • 10 3 

T C2 = 195(5) AH 2 = < 0.05 ■ 10 3 

2 struct, pt.’s observed by d.s.c. 

(C 9 H 19 NH 3 ) 2 HgCl 4 

2 struct, pt.’s observed by d.s.c. 

(C 10 H 2l NH 3 ) 2 HgCl 4 

2 struct, pt.’s observed by x-ray diffr. 

(C u H 23 NH 3 ) 2 HgCl 4 

r c ,=358 T C2 ~ 338 

2 struct, pt.’s observed by d.s.c. 

(C 12 H 25 NH 3 ) 2 HgCl 4 

1 struct, pt. observed by d.s.c. 

(C 13 H 27 NH 3 ) 2 HgCl 4 

1 struct, pt. observed by d.s.c. 

(C i 4 H 29 NH 3 ) 2 HgCl 4 

1 struct, pt. observed by d.s.c. 

(C 15 H 31 NH 3 ) 2 HgCl 4 

1 struct, pt. observed by d.s.c. 

(C 16 H 33 NH 3 ) 2 HgCl 4 

1 struct, pt. observed by d.s.c. 


References, remarks 


str. diff. ph. not st. in det., only struct, at 243 K [83B1] - further studies: 
opt. m. [84B 1 ]; diel. c. [84B1] 


T a , A He. 

Tci, AHy 


Cp(T) by d.s.c. [84B1] 


str. diff. ph. not st. in det., only struct, at 295 K [86B2] - further studies: 
opt. m. [84B1]; diel. c. [84B1] 


Tcu A Hi: 
Tqi, A Hy 


C p (7) by d.s.c. [84B1] 


values of T Cn , A H m AS n by d.s.c. (n = 1, 2): see [79B1], str. diff. ph. not 
st. in det., only d by diffr. [79B1] 

values of T Cn , AH„, AS n by d.s.c. (n = 1, 2): see [79B1], str. diff. ph. not 
st. in det., only d by diffr. [79B1] 

str. diff. ph. not st. in det., only d by diffr. [79B1] - further studies: d.s.c. 
[79B1] 

T c i, T c y x-ray diffr. [95E] 


values of T Cn , AH a , AS n by d.s.c. (n = 1, 2): see [79B1], str. diff. ph. not 
st. in det., only d by diffr. [79B1] 

values of T c , AH, AS by d.s.c.: see [75L1, 79B1], str. diff. ph. not st. in 
det., only d by diffr. [77L1, 79B1] 

values of T c , AH, AS by d.s.c.: see [79B1], str. diff. ph. not st. in det., 
only d by diffr. [79B1] 

values of T c , AH, AS by d.s.c.: see [79B1], str. diff. ph. not st. in det., 
only d by diffr. [79B1] 

values of T c , AH, AS by d.s.c.: see [79B1], str. diff. ph. not st. in det., 
only d by diffr. [79B1] 

values of T c , AH, AS by d.s.c.: see [75L1, 79B1], str. diff. ph. not st. in 
det., only d by diffr. [77L1, 79B1] 










Table 4. Data about Structural Phase Transitions (continued) 


Compound 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol '] and entropy A S B [J ■ mol 1 • K ’] 
of the n - th structural phase transition 


(C 3 H 7 NH 3 ) 2 PbCl 4 

P12j/a 1 -> Pnam <—-* Pl^/cl 1 )*—-* ?? 2 ) < ■ — > ?? 

*C1 1 C2 1 C3 1 CA i ) 

(a) (P) (Y) (5) (£) 


References, remarks 


struct, pt.’s studied by: therm, m. [89Z1]; diel. c. [89Z1]; Raman sp. 
and ir spectr. [90A2, 92A1]; diffr. [89M1, 91C2] 


1 ) preliminary x-ray data [92A1 ] 2 ) possibly an incommensurate phase [92A1J 3 ) a first order reentrant phase transition [92 A1 ] 


T c , = 399.5 
T C 2= 170(6) 


A//, =3.25(20) ■ 10 3 
7c 3 = 91(4) 


AS i = 8.14 
7c4= 35(5) 


T c i, A Hi, A Si. d.s.c. [89Z1] 

T c 2 , T C3 , T c 4 : Raman sp. [92A1] 


(C,H 19 NH 3 ) 2 PbCl 4 


3 struct, pt.’s observed by d.s.c. 


values of T Cn , A H a , AS n by d.s.c. (n = 1 - 3): see [95K], 
str. diff. ph. not st. in det., only u.c.p. at 295 K [95K] 


d) Diammonium Compounds with X = Cl, Br 


[NH 3 (CH 2 ) 2 NH 3 ]MnCl 4 


no struct, pt. observed in the temperature range from the 
decomposition temperature down to the onset of magnetic order 


studied by: d.s.c., NMR, NQR [75K1, 76A1]; ir spectr. [78S3]; Raman 
sp. [78S3, 89G7]; diffr. [75T1, 76A1, 78T1] 


[NH 3 (CH 2 ) 3 NH 3 ]MnCl 4 


Imam 

Ibmm 

(a) 


disc. disc. 

<-> Fmmm <-> 


(p) 


Pnam 

Pbrnn 

(Y) 



struct, pt.’s studied by: therm, m. [76A1, 78K1, 79S3, 82C, 85C2]; 
opt. m. [76A1]; NMR, NQR [75W1, 76A1, 78K1, 82C]; Raman sp. and 
ir spectr. [79S3, 87G1]; diffr. [75W1, 76A1, 78K1, 82C]; incoh. n.s. 
[83S4, 86S1, 87G1, 89G2, 90G2] 


*) This transition was observed once by d.s.c. [79S3], but was not confirmed in later investigations [87G1] 


Tci =336(1) 
r C2 = 307(1) 
heating: T C2 = 306 


AHi = 640(30) 

A H 2 = 725(30) 
cooling: T C2 = 292 


AS! = 1.90 
AS 2 = 2.38 


T cu A H u AS,: d.s.c. [85C2] 

r C2 , A H 2 , AS 2 : C p (7) by ad. cal. [85C2J 

T C2 on heating and on cooling: [86S1, 87G1] 


Tc3=H0 


r C3 : d.s.c. [79S3] 


[NH 3 (CH 2 ) 4 NH 3 ]MnCl 4 


Pman ( cont. ^ P12!/al 
Pbnm T c P2,/bll 

(OHT) (MRT) 

T c = 381.9(3) 


struct, pt.’s studied by: therm, m. [76A1]; opt. m. [76A1; birefr. 
[81K3]; NMR, NQR [76A1, 81K3]; diffr. [76A1, 80T1, 81K3]; incoh. 
n.s. [89G2, 90G2] 

T c : birefr. [81K3] 


[ND 3 (CH 2 ) 4 ND 3 ]MnCl 4 


same phase sequence as above, slightly different Tq 
T c = 378.2(3) 


T c : birefr. [81K3] 





















Table 4. Data about Structural Phase Transitions (continued) 


Compound 


Phase sequence, transition temperature Ten [K], 
enthalpy A H n [J ■ mol '] and entropy AS„ [J ■ mol 1 • K ’] 
of the n - th structural phase transition 


[NH 3 (CH 2 ) 5 NH 3 ]MnCl 4 


Imam*) 
Ibmm*) ( T c * 
(OHT) 


Pnam*) 

Pbnm*) 

(ORT) 


References, remarks 


struct, pt.’s studied by: therm, m. [76A1, 880]; opt. m. [76A1 ]; 
Raman sp. [87G1, 87N2]; ir spectr. [87G1]; incoh. n.s. [87G1, 89G2, 
90G2] 


*) structures assumed in analogy to [NH 3 (CH 2 ) 5 NH 3 ]CdCl 4 , cf. [87N1], also consistent with the group theoretical analysis of Raman spectra 
[87G1] 


T c = 299.6(2) A7/= 2.24 ■ 10 3 AS=8.3 


T c , AH, AS: C p (7) by ad. cal. [880] 


[NH 3 (CH 2 ) 2 NH 3 ]CdCl 4 


[NH 3 (CH 2 ) 3 NH 3 ]CdCl 4 


no struct, pt. observed in the temperature range from 90 K up to 420 K 


studied by: therm, m. [77T1, 92B1]; diel. c. [76L1, 92B1]; Raman sp. 
[78S3, 8111]; NMR [77BI ]; ir spectr. [78S3, 79S4]; diffr. [76A2, 8111, 
92B1] 


OOQ t | - CO ” L . Pnam 

''' ' T c Pbnm 


struct, pt.’s studied by: therm, m. [77T1, 80F2, 92B1 ]; diel. c. [76L1, 
92BI ]; NMR, NQR [77B1, 81K3]; birefr. [81K3]; ir spectr. [7901]; 
diffr. [76A2, 76W1, 77W1, 92B1] 


(OHT) (ORT) 

*) From group theoretical considerations [81K3], space group Imam (or Ibmm), but diffraction data [92B1] state only orthorh. symmetry 


T c = 375 


AS =9.7(8) 


T c : birefr. [81K3] AS: C p (T) by d.s.c. [80F2] 


[NH 3 (CH 2 ) 4 NH 3 ]CdCl 4 


3 struct, pt.’s observed by d.s.c. 


[NH 3 (CH 2 ) 5 NH 3 ]CdCl 4 


Tci = 366 

A//, =0.212 • 10 3 

AS, =0.57 

T c 2 = 360 

AH 2 = 0.955 • 10 3 

AS 2 = 2.65 

T C3 = 335 

AH } = 2.583 • 10 3 

AS 3 = 7.69 

Cl 2/ml ( disc. } 

Imam ( cont. ^ Pnam 


C2/ml 1 T ci 

Ibmm Tci Pbnm 


(MHT) 

(OHT) (ORT) 


Tc =417 (heating) 
Tci = 407 (cooling) 

AS= 1.80 


T C2 = 337 

AS 2 = 9.38 



str. diff. ph. not st. in det., only u.c.p. at 295 K [76WI ] - further studies: 
diel. c. [76L1 ]; NMR [77B1]; diffr. [76A2] 

T C i, A H lt AS,: 1 
T C2 ,AH 2 ,AS 2 : [ d.s.c. [77T1] 

r C3 , A H^ A S 3 : J 

struct, pt.’s studied by: them. m. [77T1, 80F2, 89N1]; diel. c. [76L1 ]; 
birefr. [81K3]; NMR, NQR [77B1, 81K3]; Raman sp. [81M2, 87N2, 88C2, 
89N1]; diff. x-ray sc. [89N1]; diffr. [76A2, 76W1, 87N1, 87N2, 89N1] 

| T C \ (heating, cooling): d.s.c. [89N1] 

Jl AS,: C p (7) by d.s.c. [80F2] 

T C1 : d.s.c. [89N1], AS 2 : CfT) by d.s.c. [80F2] 
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9.12.3 Magnetic Properties 

(For figures and tables of this section see p. 243 ff.) 


9.12.3.1 Antiferromagnets 

9.12.3.1.1 Exchange Interaction 

Magnetic ordering and magnetic phenomena are observed in perovskite-type layer compounds A 2 MX 4 
(single-layer) or A 3 M 2 X 7 (double-layer) with paramagnetic M 2+ -ions. Their antiferromagnetic or 
ferromagnetic order has already been discussed in Sects. 2.1.2 and 2.1.3. Magnetic properties in general 
are outlined in many excellent reviews [55N, 66K, 74J1, 90A3, 90F1, 90J1, 90P] where also an 
introduction is found to the basic models [55N, 66K], in particular to the Weiss model for ferromagnets 
and to the Neel molecular field theory for antiferromagnets. Monographs like [70W3] and [79W4] 
provide an even more basic introduction to magnetism, to its quantum mechanical foundation and to long- 
range order. Therefore, only some basic aspects will be summarized in this section mainly in order to 
introduce the notation used in this contribution. In these perovskite-type layer structures, the dominant 
magnetic interaction is the nearest-neighbour Fleisenberg exchange within the layers which causes their 
two-dimensional (2D) character. In these quasi-2D magnets, the magnetic properties depend 
predominantly on the intralayer exchange and not so much on the layer separation. Gerstein et al. [74G2, 
74G3] have deduced from susceptibility measurements on compounds of the type (C n Fl 2n+1 NFl 3 ) 2 MnCl 4 
with n = 1, 3, 15 that the Neel temperatures T s of these antiferromagnets do not vary with n although the 
interlayer separation d varies from d = 0.97 nm for n = 1 to d = 3.49 nm for n = 15. As is well known 
from basic quantum mechanics, the exchange interaction results from the electronic properties of the 
compound under consideration and it is a superexchange in the compounds A 2 MX 4 mediated by a X -ion 
between two M 2+ -ions. Attempts to calculate this interaction by means of a theory or theoretical model 
have to start with the electronic configuration and the corresponding energy levels of the ions involved in 
this process or with the electronic band structure of the magnetic compound. Unfortunately, detailed 
information about the electronic structure is not available for most of the perovskite-type layer structure 
materials. As a step towards a better understanding of the exchange interaction, de Jongh and Block [75J] 
have collected 1975 all available experimental data on fluoride perovskites AMF 3 and fluoride 
perovskite-type layer compounds A 2 MF 4 (A = K, Rb; M = Mn, Co, Ni) and have derived from these data 
a relation for the dependence of .J on the distance « nn = 2 r\ p = a between two M 2+ -ions in the octahedral 
layer (cf. Eq. 2.1, Sect. 2.1.1), of the structure I4/mmm with the lattice constant a. Thus we have to 
consider the 180° superexchange path M 2+ -F”-M 2+ . The formula deduced from the experimental data is a 
power law where J is the parameter for the dominant intralayer exchange (cf. Eq. 3.2 below) 

J( a nn) d( t7 nn3 )) ' frfm ■ Gm.o) (3-1) 

with a m0 = 0.4074 nm as a reference distance and |</(a nn ,o)| = 5.20 K (Mn 24 ), = 18.5 K (Co 24 *), = 40 K 
(Ni 2+ ). The ratio is ./(Mn 2 ) : ./(Co 2 4 ) : J (Ni 2- ) = 1 : 3.6 : 7.7. For the exponent, they obtained a = 12 (cf. 
[75J]). In this contribution, energies like J are given in K (equivalent temperature) or cm” 1 (equivalent 
wave number) omitting in a type of shorthand notation the corresponding factors k B and he. Although 
theory predicts an exponential dependence of Jon a nn = a, the power law Eq. 3.1 works quite well for the 
limited range of distances a in the compounds under consideration. As a second step, de Jongh and Block 
[75J] and Jansen and Block [77J1] have calculated J for these compounds employing a Raleigh-Schroder 
type exchange perturbation theory which was derived by Jansen [67J, 79K10]. Not only for the above 
mentioned fluorides but also for some chlorides like Rb 2 MnCl 4 and (CH 3 NFl 3 ) 2 MnCl 4 , the data calculated 
by means of this model agree very well with the experimental data. For example, the calculated ratio is 
./(Mn 2 ) : ./(Co 21 ) : ./(Ni 2 ) = 1 : 3.3 : 7.6. With synchrotron radiation as a powerful light source, 
spectroscopic studies provided information about the electronic properties and the band structure at least 
for some of the perovskite-type layer structures. Absorption and reflectance measurements were 
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performed on K 2 CoF 4 , Rb 2 CoF 4 and K 2 NiF 4 [85S1], further on the diamagnetic compounds 
(C n H 2n - |NH ! ) 2 CdCI 4 with n= 1, 2, 3 [89Y3]. K 2 NiF 4 was also studied by photoelectron spectroscopy 
[94S1]. Alternative information can be gathered from theoretical calculations of the electronic structure, 
i.e. the electronic band structure, which were performed by various methods for K 2 NiF 4 [92F12, 93E] and 
for K 2 CuF 4 [93E]. Sangaletti et al. [94S1] have compared the experimental data obtained with 
synchrotron radiation with density-functional band structure calculations. Dovesi et al. [95D] have 
calculated the ground state electronic structure of K 2 NiF 4 using an ab initio periodic Flartree-Fock 
approach with the aim to explore the electronic and magnetic properties of this material, in addition to a 
similar study on KNiF 3 [95R3]. Here we are mainly interested in their results for the intralayer exchange 
interaction. For K 2 NiF 4 , the calculated value is ./ calc = -31.3 K in satisfactory agreement with the 
experimental value J exp = -55.1(4) K (cf. Table 5). For KNiF 3 , the corresponding values are ,/ calc = 
-29.8 K and / ex p =-50.7(6) K [71C2], respectively. In their theory, the dependence of J on the distance 
o nn = a between two Ni 2+ can also be expressed by a power law J~ (a nn )~ a with a = 11.5 and a = 12.3 for 
K 2 NiF 4 and KNiF 3 , resp., in good agreement with a = 12 derived by de Jongh and Block [75 J]. This 
dependence was further the subject of an experimental study by Struzhkin et al. [93SI]. They have 
measured under hydrostatic pressures up to 9.5 GPa the pressure dependence of the two-magnon Raman 
line of K 2 NiF 4 at 10 K in the antiferromagnetic state and the pressure dependence of the lattice constant a 
at 295 K by means of powder x-ray diffraction. Since the frequency of the two-magnon Raman line is 
proportional to J, they can extract from their experimental data for J{p) and a(p) the relation J ~ (a nn ) _ “ 
and obtain in this way a = 9.5(5) which agrees better with an earlier theoretical prediction a = 10 [66B2] 
than with the result of de Jongh and Block. All this work on K 2 NiF 4 allows us to gain some understanding 
of the intralayer superexchange mechanism in perovskite-type layer structures. Similar results are 
available only on K 2 CuF 4 and not on other compounds of this kind. The exchange mechanism in K 2 CuF 4 
will be discussed in detail later in Sect. 3.2.1. 


9.12.3.1.2 Mil-Compounds, Spin-Wave Theory 

In addition to the dominant intralayer exchange interaction, there are further and usually minor 
contributions to the energy of the system. These originate from the exchange between next nearest 
neighbours within the layers, from the interlayer exchange and from the anisotropy energy. For the Mn- 
compounds to be discussed in this section, the anisotropy is usually small. Our considerations start with 
an appropriate spin Hamiltonian for single-layer compounds (cf. Fig. 2.1) which specifies the magnetic 
interactions and energies 


—-2^ JijSiSj -gfr B 

<i,j> 


X (H 0' + ) S t , z + X 0z - H a ) S jiZ 


(3.2) 


where the exchange interactions are 

Jjj = J tor pairs (i, j) of nearest neighbours within the octahedral layers 
Jy = J 2 for pairs (i, j) of next nearest neighbours in the layers 
.7 I] = J for pairs (i, j) of nearest neighbours in adjacent layers. 

Positive Jy means ferromagnetic and negative J\, antiferromagnetic interaction. The summation (ij) is 
extended over the whole lattice where each pair of corresponding neighbours is counted only once. 
S\ = (S U , S L y, Si.z) and Sj = (S hx , Sj, y , Sj, z ) are the spins (operators) at lattice sites i and j. For the discussion 
of magnetic properties, the magnetic unit cell is relevant and we have to use the (x, y, z) coordinate system 
defined in Sect. 2.1.1 and not the ( x 0 ,y 0 ,z 0 ) system which is only appropriate for the I4/mmm unit cell. 
Thus, the coordinate directions are specified in Eq. 3.2 with respect to the former system. For the 
Mn-compounds under consideration, e.g. K 2 MnF 4 , Rb 2 MnF 4 , and Rb 2 MnCl 4 , the anisotropy energy is 
presented in Eq. 3.2 as a staggered anisotropy field // A because the ground state of Mn 2+ is a 6 S spin - 
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only state and, therefore, the anisotropy is mainly due to magnetic dipolar interactions. Finally, in Eq. 3.2 
is included a Zeeman-term where H 0z is the external magnetic field applied parallel to the z- or c-axis, |I B 
the Bohr magneton and g the isotropic g-factor. 

An as yet unsolved problem in magnetism is that no exact results are known for the Hamiltonian Eq. 
3.2 and even, in its simplest form, for the nearest neighbour Heisenberg model. Only for the 2D Ising 
model, exact results are available which will be discussed below. Unfortunately, even the ground state is a 
problem for Heisenberg antiferromagnets since the socalled Neel state with perfect alignment of the spins 
within the sublattices is not the true ground state. Only in ferromagnets, the ground state at T = 0 is given 
by the total alignment of all spins parallel to the preferred direction. For these reasons, we have to look 
for approximate solutions of Eq. 3.2. For low temperatures T < T ( or T < T’n sufficiently below the critical 
regions (T ~ T c or T ~ T h ). such solutions are based on the collective elementary excitations of the system 
described by Eq. 3.2. These are the spin waves which, in a classical picture, are wavelike precession of 
the transverse spin components in a perfect crystal with translational invariance. Quantum-mechanically, 
these excitations are called magnons with the character of Bose quasi-particles. It will be shown below 
that the spin-wave theory describes as an approximate solution quite satisfactorily the magnetic 
properties, e.g. the spin-wave dispersion relation tia>(q) at low temperature, the sublattice magnetization 

Af subl and the perpendicular and parallel susceptibilities %_ and % of an antiferromagnet as a function of 
temperature up to temperatures outside the critical regime where fluctuations become important. 

Let us now consider as a first example an antiferromagnet with J=-\J\ and J 2 =f = 0 where we 
recall from Sect. 2.1.2 that most of the perovskite-type layer structures with transition metal paramagnetic 
ions order antiferromagnetically at low temperatures, many of them with the easy axis parallel to the c- 
axis. The first step for an approximate solution of '//'(see [66K] and [90A3] for details) is the introduction 
of local Bose creation and annihilation operators of spin deviations by means of the Holstein-Primakoff 
transform [40H] which reads for an antiferromagnet with two sublattices (sites i and j) 

5 ijZ = 5- at % S f= >/25 f, a; Sr = V 2S~at f, 

Sjj. = - S + b[ bj S[ = V25 b| fj S]= y [2Sf-b i 


f,= Jl-at&J2S 

,- + - ( 3 - 3 ) 

fj= ^l-bjbj/25 


The factors t', and fj in the Holstein-Primakoff approach provide that solutions are omitted with spin 
devations greater than 2 S. However, these factors have to be expanded and yield an expansion in 1/25. 
Inserting Eq. 3.3 with the simplest approximation fj = 1 and fj = 1 into Eq. 3.2, we obtain a bilinear form 
in the Bose operators which leads to a linear spin-wave theory in which interactions between the spin 
waves or magnons are neglected and which can be considered an acceptable approximation only at rather 
low temperatures when only a few magnons are thermally excited. In the next higher approximation with 

f; = (1 — a^ a r '4.S') and f ~ (1 — b| bj/45), the Hamiltonian ‘hf contains terms up to fourth order in the Bose 

operators the diagonalization of which leads then to the renormalized spin-wave results with the socalled 
Oguchi corrections [6001]. These take interactions of the spin waves into account in lowest order. Below, 
these two approaches will be referred to simply as "linear" and "renormalized" spin-wave theory. 

In the next step, the local spin deviation operators are converted to wavevector dependent spin-wave 
operators on the two sublattices by means of a spatial Fourier transform: 


a 


q 


b q = 




(3.4a) 


where N is the total number of spins (= magnetic ions) and N/2 this number for one of the two sublattices. 
In this brief introduction, only the steps leading to the final result will be sketched here and we will omit 
the intermediate results after inserting successively Eqs. 3.3 and 3.4a into 9f( Eq. 3.2). For these details, 
the reader is referred to the reviews mentioned above [66K, 90A3] and to one of the other references 
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about spin-wave theory [74R3, 75R1, 83T4, 83T5]. There, also alternate ways in solving the spin-wave 
problem are presented, for example employing the Dyson-Maleev expansion [56D, 58M] instead of the 
Holstein-Primakoff approach. 

In the last step, the bilinear part of the Hamiltonian '.H (linear spin-wave theory) is diagonalized by 
means of a Bogoliubov transform: 


ttq = M q a q + U q b q 
Pq =V q a q + Uq b q 


<*q = “q a q + tt q b q 

Pq = U q a q + Uq b q 


(3.4b) 


where a q , P q , a q , P q are the creation and annihilation operators for the spin-wave modes of the 

antiferromagnet under consideration. The coefficients w q and D q can be chosen real in this problem with 

2 2 

Uq-Vq =1. From the terms in 7/" of fourth order in the Bose operators, only the diagonal terms are kept 

after the Bogoliubov transform and the nondiagonal terms are rejected. Thus, the final result for the 
Hamiltonian 7f(Eq. 3.2) becomes: 

J{= -NzS 2 \J\-Ng[i B H A S+ (frco q a q a q + /*<w q ‘pqp q ) (3.5) 

q 

where the first two terms are the spin-wave result for the magnetic energy at T= 0, ti ft) q and tiO) q are the 

energies of the two spin-wave branches as a function of wavevector q, i.e. ticOq and Tuo q are 

abbreviations for Tia> + (q) and tiO) (q). In Eq. 3.5, z is the number of nearest neighbours. To lowest order 
in (1/25), i.e. by linear spinwave theory, the magnon energies are 

ftfflq =2z5|J|{[(l + /7 A ) 2 -y q 2 ] 1/2 +/7 0z } = gPB {M E +H A ) 2 -(H E7 q) 2 ] V2 +H 0z } (3.6) 

with h A = H a /H e , h 0z = HJH E , gv B H E = 2zS\J\, g = 2.00, 5= f (Mn 2+ ) 

and 7q = i ^ e ‘ ? = cos (^f) ■ cos (^) 

j 

where y q is also an abbreviation for y(q). In 7q , the summation j extends over the z = 4 nearest neighbours 
in the quadratic layer and the lattice parameter a refers to the magnetic unit cell with a ~ b. There is a 
lowest magnon energy which occurs for q = 0 and which will be discussed below. The largest magnon 
energy hv max is obtained at the boundary of the Brillouin zone for q = <jr max , i.e. q x = n la or q y = n la. For 
r/ m . lx , we obtain 7q = 0 and Eq. 3.6 yields for zero magnetic field (// 0z = 0) 

ftco + (q max ) = hco(q max ) = hv mm =g\l B {H E + H A ) = gB B ^E (3-7) 

because of H A «11 v in most of the Mn 2+ -compounds. The statement that the anisotropy in Mn- 
compounds is mainly due to dipolar interaction can be demonstrated by performing a spin-wave 
calculation not with the simple approach of a staggered anisotropy field H A but by taking the dipolar 
interactions explicitly into account. Including the exchange part from Eq. 3.2 but leaving out the 
anisotropy field and the Zeeman term, the Hamiltonian with the dipolar interactions reads [66H2, 93P1, 
94P1, 95P1] 
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^d.polar = - 2J £ A.Sj + £ \S,S f ,j 3 - 3 (Sill.j) (.V/-i )/-i 'I 

<ij> 


(3.8) 


with /'.j = #*j - /*j where r, and fj are the lattice sites of the spins S-, and 5). The remaining notation is equal 
to that of Eq. 3.2. For calculating the spin-wave energies, the same procedure as for Eq. 3.2 is applied to 
Eq. 3.8, i.e. the Holstein-Primakoff, the Fourier and the Bogoliubov transforms Eqs. 3.3, 3.4a and 3.4b, 

respectively. The results obtained for the constant energy term and for fico^ show [66F12, 73W2, 93P1, 
94P1, 95P1 ]: 

1) that the dipolar interaction energy is a minimum when the spins are aligned parallel or antiparallel to 
the c-axis and that this energy thus determines the easy axis since the Fleisenberg model exchange 
interaction is isotroptic. 

2) that there is a difference between hco^ and ti <w q even in the absence of an external field which is 

rather small for realistic values of H E (cf. Eq. 3.6) and H AD (cf. Eq. 3.12 below), which however 
becomes perceptable when H AD is assumed to be of the same order of magnitude as H E [93P1, 94P1, 
95P1 ]. For the Mn-compounds under consideration in this section, this assumption is not realistic. 

3) a wavevector dependence in addition to y q (cf. Eq. 3.6) originating from the spatial Fourier transform 
of the lattice sums in the dipolar interactions [73W2]. 

For a comparison of ti ft)* obtained from Eq. 3.8 to the results from Eq. 3.6, i.e. the results including 

dipolar interactions to those with the staggered anisotropy field H A , it is convenient to consider the 
magnon energy at q = 0 which is derived from Eq. 3.6 as 

v™ =(y/2n) [(2H e H a +H 2 a ) V2 +H 0z ] (3.9) 

where y= g(j. B / fi is the gyromagnetic ratio. Since the magnon frequency at q = 0 is mostly detennined by 
antiferromagnetic resonance (AFMR) [55N], ha> ± (q = 0) is denoted V AFMR . The expression of V AFMR for 
H 0 z = 0 may be considered as a quantity characteristic for an antiferromagnet 

Vafmr (Ho = 0) = (y/2jt) (2 H E H A + H° A ) 1/2 = (y/2jt) (2 H E H A ) m (3.10) 

2 

where in the second form H A has been neglected because of / l A « H E . Now let us compare Eq. 3.9 to 
the results obtained from 7/with the dipolar interactions (Eq. 3.8) instead of// A . The corresponding result 
for q = 0 is 


V A fmr(^ 0 = 0)dipolar « (y/2 Jt) (2 H E H AD ) V2 (3.11) 

where H A (cf. 2 nd form of Eq. 3.10) is replaced by the anisotropy field H AD resulting from the dipolar 
interactions at q = 0 


r = gFEjS V ' I'n - 3 zj 

AD 8tc 2-1 5 



(3.12) 


In Eq. 3.12, the summation n extends over all lattice sites with magnetic ions, i.e. where magnetic 
moments are located. The vector r n = (x n , y„, z n ) is the distance of such a lattice site n to a reference lattice 
site. X n and mean summation over the sites on the same sublattice and on the opposite sublattice, 
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respectively. In Eq. 3.11, products of lattice sums (see Eq. 3.12) have been neglected since also 
«H]i. For comparison with experimental data, the dipolar anisotropy field // AF) has been calculated 
for a number of Mn-compounds by means of Eq. 3.12, see for example [73W2, 80S2]. The results are 
listed in Table 5. They demonstrate that these calculated data are close to the experimentally determined 
values of H A in Table 5. The conclusion is therefore that the magnetic anisotropy of Mn-compounds is 
indeed dominated by the magnetic dipolar interactions. 

Not only for Mn-compounds but also for many other compounds, experimental values of v AFMR for 
Hq = 0 are compiled in Table 5 as characteristic parameters of these compounds. Usually, anti¬ 
ferromagnetic resonance measurements are performed by sweeping the magnetic field H 0z (cf. Eq. 3.9) at 
a fixed frequency V and, at resonance, an absorption line is observed. From these data, V AFMR tor H 0 = 0 is 
extracted. The antiferromagnetic linewidth, i.e. full width at half maximum, has frequently also been 
studied as a function of temperature. When sweeping the field, the linewidth is observed as A// ai mr 
which has been found to increase as I 4 with temperature [83U]: 


AH, 


AFMR 


= AH 


AFMR 


+ c 


AFMR 


■ r 


(3.13) 


where A// afmr is the linewidth observed for T —A 0 which is mostly the instrumental linewidth. The In¬ 
dependence of A// afmr indicates relaxation by six-magnon processes [75R2, 76R2, 83U]. In nuclear 
magnetic resonance (NMR), the corresponding quantity is the spin-lattice relaxation time 7). NMR 
experiments have been performed on the 19 F, nuclei in K 2 MnF 4 and K 2 NiF 4 [79W1, 80W1]. F t are the 
out-of-plane or axial (terminal) F~-ions while F u are the in-plane or bridging (equatorial) ones as 
discussed in context with Fig. 2.34 in Sect. 2.2.3 for Cl -ions (see also Fig. 3.7 below). For 19 F r NMR and 
H 0 = 0, three-magnon processes enhanced by four-magnon exchange scattering were found to be 

dominating the relaxation rate 7j 1 in excellent agreement with rigorous spin-wave results [79W1, 
80W1]. For H 0 applied perpendicular to the c-axis, field-induced two-magnon processes become allowed 
due to symmetry breaking [78W2, 79W1]. At H 0 = 3.5 T, they dominante over the three-magnon 
processes. For l9 F ir NMR in K 2 MnF 4 and H n applied parallel to the c-axis, the relaxation is again 
governed by three-magnon processes. When H u \\c approaches the spin-flop field // SF the relaxation time 
T\ approaches zero. If H 0 is applied at an angle t// ^ 0 with respect to the c-axis, field, induced two- 
magnon processes determine the relaxation rate [81W4]. 

The spin-wave energies ha>(q) calculated with the linear theory (Eq. 3.6) can at low temperatures well 
be used for describing and analysing the spin-wave dispersion relations as determined by means of 
inelastic neutron scattering. As an example, the spin-wave dispersion of K 2 MnF 4 at 4.5 K is shown in Fig. 
3.1, experimental data as points and data calculated by means of Eq. 3.6 as curves. Not only the Bragg 
rods found in elastic neutron scattering (cf. Fig. 2.5b in Sect. 2.1.2) demonstrate the two-dimensional 
behaviour of these layer compounds but also the results of the inelastic neutron scattering. The magnon 
energies tico(q) in Fig. 3.1 depend only on q x and q y as expected from the theoretical results in Eq. 3.6 and 
not on q z since the dominating exchange interaction couples only neighbouring spins in the layer in these 
quasi 2D antiferromagnets. It is well known however [30B, 66M1, 66S2], that an isotropic intralayer 
exchange alone, i.e. a 2D Heisenberg model, cannot lead to a phase transition with long-range magnetic 
order at a finite temperature as it is observed at T N = 42.15 K. Thus either the Ising-like anisotropy (cf. 
Eq. 3.2) or the weak interactions between the layers (interlayer exchange or magnetic dipolar interactions) 
cause the transition to a 3D antiferromagnetic order in K 2 MnF 4 and similar compounds. The values of the 
characteristic magnetic parameters J and H A have been obtained for K 2 MnF 4 by employing Eq. 3.6 in a fit 
to the experimental data where J is usually determined from inelastic neutron scattering results [73B1] 
while H a is generally obtained with better accuracy from AFMR experiments [73W3]. 

For Rb 2 MnF 4 , another quasi 2D antiferomagnet, the spin-wave dispersion relations have been 
measured for three directions in reciprocal space, namely for (£,, 0, 0), (0.5, t, 0) and (C, C, 0), by inelastic 
scattering of neutrons (cf. Fig. 3.2). This study [77C3] allows to determine the value of the next nearest 
exchange constant J 2 , in addition to J and H A . With linear spin-wave theory, the magnon energies are 
obtained for J 2 ^ 0 and H 0z = 0 as 
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ho) q = 2zS \J\{\\ + h A + h E2 {y q2 -l )] 2 — [T q ] 2 }' 2 (3.14) 

with h E2 = | J 2 IJ | and y q 2 = 77 ^ e' ? = | [cosfea) + cos(^ y a)] 

k 

and with / 7 A and y q as defined in Eq. 3.6. The summation k is extended over the z 2 = 4 next nearest 
neighbours in the quadratic layer. The lattice parameter a in the expression for y q 2 refers to the magnetic 
unit cell with a ~ b. The calculated curves in Fig. 3.2 have been obtained by means of Eq. 3.14. The value 
of J 2 can be extracted from the difference of the magnon energies at reduced wavevectors (0.5,0, 0) and 
(0.5, 0.5, 0). However, it is not easy to measure these energies with such an accuracy that the difference 
yields a reliable result. Finally, it turned out that the exchange constant J 2 = -0.048 cm 1 for next nearest 
neighbours is smaller by about two orders of magnitude than the exchange constant J = -2.639 cm ' 1 for 
nearest neighbours and even smaller by about one order of magnitude than g|i B // A = 0-26 cm -1 . Thus it is 
justified to neglect J 2 in most of the studies of perovskite-type layer compounds. A further consequence 
of the smallness of J 2 /J is that the collinear antiferromagnetic order is not affected by the frustration 
introduced by an also antiferromagnetic next nearest neighbour exchange interaction. But in case of a 
much larger ratio J 2 IJ ~ 0.4 and, consequently, a much stronger frustration, the long-range magnetic order 
may be destroyed [89H2, 92S4, 92R1, 93R1, 95R1]. 

The values of these and related parameters are compiled for perovskite-type layered compounds like 
K 2 MnF 4 in Table 5, together with other experimental data on magnetic properties. Some of the references 
including [73B1] have defined the Heisenberg isotropic exchange interaction in a slightly different way. 
For the convenience of the reader and to allow an easy comparison of the date of different compounds, all 
parameter values listed in Table 5 have been converted to the notation adopted in Eq. 3.2 which is used 
throughout this contribution. As already outlined in Sect. 1, it is not advisable to present the data for the 
exchange constants J etc. and for gy. B // A in Table 5 in the various units found in the references like K, 
THz, meV and cm” 1 . All the available data have been unified and are presented in Table 5 in two units, 
namely in cm ” 1 for an easy comparison with spectroscopic data and in K for an easy comparison with 
transition temperatures etc. In order to save space in Table 5, an exchange constant J, for example, is not 
listed in the most correct way as 

Jihc = xxx cm 1 and J/k B = yyy K but as ./=xxxcm 1 -yyyK 

in a kind of shorthand notation. It was also laid down in Sect. 9.12.1 that magnetic fields are not given 
here in the Si-unit A/m but in T as magnetic flux density in vacuum. And the magnetic susceptibility 
X = dM/dH is dimensionless in these units. In Table 5, experimental data for x in emu/g or emu/mol have 
been converted to the dimensionless X- It should further be noted that often more than one value is 
presented for parameters like J in Table 5 together with the method by which it has been obtained, 
especially for widely investigated materials like K 2 MnF 4 . The methods are briefly discussed below and 
the different values in Table 5 will provide an impression about the advantages and disadvantages of the 
methods. The above remarks about units refer mainly to Table 5, and in the figures presented below, 
sometimes also other units like THz or GHz for Tim and cmVmol for X arc used in accordance with the 
references. 

For including temperature-dependent effects, the renormalized spin-wave theory is needed which 
utilizes also the diagonal part of the fourth order terms in .'//'up to order (1 12S) 1 . In the spin-wave energies 

in Eq. 3.6, the operator pairs a q a q and P q P q have now been replaced by their thermal averages 
« q — [exp( hcOq / k B T) - 1] 1 and n~ = [exp( tuo q / k B T) - l]” 1 : 

Tm* =2zS\J\{[(] + h A ) 2 -y 2 q f 2 +h 0z ±{p + -p-)- gq (Ro + R,)} (3.15) 
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with 

i + h A -y q 

± 1 

S ' [(i+M 2 -r , 2 ] 1 ' 2 

P NS 

and 


ii 


where h A , h 0z , H E and y q have the same meaning as defined in Eq. 3.6. The terms with R 0 and A’, represent 
the temperature-independent and temperature-dependent renormalizations for fico q in the absence of an 

external magnetic field while the term (p —p~) is the magnetic-field induced renormalization. It is due to 
an unbalance of the two sublattices and is proportional to the magnetization M ~ H 0z (cf. Eq. 3.21 below). 
The values obtained for J and h A from a fit to the experimental data with the renormalized spin-wave 
theory will be different from those by linear spin-wave theory. For T —» 0, the relation between them is: 


^linear ^renormalized •(l-*o) 


^ A, linear ^A, renormalized ^0 ^(i) 


Only gfie^A > s the same in both approaches. Flowever, we will not use the subscripts "linear" and 
"renormalized" or any other special notation for the parameters in linear or renormalized theory here and 
for the entries in Table 5 since the remarks in Table 5 indicate, especially for a spin-wave analysis, 
whether a set of parameters refers to linear or normalized spin-wave theory. And here in the text, it is 
clear from the equations what type of theory has been used. 

One example of the application of the renormalized spin-wave theory is the calculation V A fmr for 
H 0z = 0, i.e. the result of Eq. 3.15 for q = 0, as a function of temperature and to compare it with 
experimental data. This is shown for K 2 NiF 4 in Fig. 3.3. The experimental data have been obtained by 
far-infrared spectroscopy [71N, 74N1]. The calculation of the theoretical data has been performed with a 
method somewhat different from that outlined here [74N1], starting from the Flamiltonian 


7A = -2 J'Z S i S j + D£ Sl z - g[ i B H 0z ^S hZ (3.16) 

<i,j> i i 


2 

where the staggered anisotropy field // A (cf. Eq. 3.2) is replaced by a single-ion anisotropy term D • S[ z 
(cf. Eq. 3.35 below) with D < 0 for an easy-axis antiferromagnet like KiNiF 4 . The agreement between 
experimental and calculated data in Fig. 3.3 is convincingly good for 7’<0.5 7’ N although the 
experimental error bars increase with increasing temperature due to the broadening of the AFMR 
absorption line with a width proportional to T 4 (cf. Eq. 3.13). The temperature dependence of V AFMR is 
nearly the same as that of the sublattice magnetization 

' / AFMr(7V v/ AFMr( 0) ~ 3T sub i(7)/M subl (0) (3.17) 

which has been demonstrated in various investigations [73W3, 74J2, 74N1]. Another object studied 
experimentally for many compounds is the two-magnon spectrum observed by Raman scattering. This 
two-magnon Raman line is a broad band arising from the simultaneous excitations of two magnons with 
+q and -q out of the whole Brillouin zone. Fig. 3.4 shows the two-magnon Raman line for K 2 MnF 4 , the 
experimental data and a theoretical Green function calculation of the lineshape [69P2] originally 
performed for Rb 2 MnF 4 and scaled to K 2 MnF 4 [73L2]. The two-magnon Raman line has also been 
studied as a function of temperature. The A-depcndcncc of the peak position E p and of the width W p are 
shown in Fig. 3.5 together with the results of theoretical calculations which are usually obtained with a 
Green function technique combined with renormalized spin-wave theory [71C2, 71C3, 71K1, 73B2, 
76P2, 77L2], 
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9.12.3.1.3 Temperature-dependent Properties, High Temperature Series 

However, not only the magnon energies but also other magnetic quantities can be evaluated by means of 
renormalized spin-wave theory, including their temperature dependence. Thus, also some thermodynamic 
functions can be calculated in this way, e.g. the sublattice magnetization M subl (7), the parallel and the 
perpendicular susceptibilities % (H 0 , T) and %±(H 0 , T). Let us first consider the case H 0z = 0 
( h ft)q = ti( 0 L] = fi(Oq , n+ = n~ = 77 q ). Then the sublattice magnetization is obtained as 


with 


Miubl(^) ~M 0 


1 NS X ( A ]) ms X ^ 


NS 


/q " to + ^V a and Mo= %^ s 


(3.18) 


Mq is the ideal sublattice magnetization with complete alignment of the N/2 spins in the volume V, 
namely parallel or antiparallel to the preferred spin direction in the Neel state. The second temperature- 
independent term in Eq. 3.18 describes a deviation from this state, expressed by the zero-point spin 
deviation 


M-^XCA-D 

q 


(3.19) 


while the third temperature-dependent term in Eq. 3.18 accounts for the reduction of the sublattice 
magnetization due to the thermal excitation of magnons. The sublatice magnetization can be determined 
experimentally either by neutron diffraction or by 19 F-NMR. The intensity of an antiferromagnetic 

supciTcflection is proportional to M suM while the internal magnetic field encountered by nuclei of the 

terminal (axial) Fj -ions (Fj) is directly proportional to M subl [77A1, 77A2], For K 2 MnF 4 and Rb 2 MnF 4 , 
Fig. 3.6 presents the temperature dependence of M subl as reflected by the resonance frequency / NMR in 
19 F r NMR together with the theoretical temperature dependence according to Eq. 3.18. Up to T~ 0.5 T K , 
M sllb | can well be described by the renormalized spin-wave theory. But for higher temperatures, the data 
in Fig. 3.6 indicate that this theory is no longer applicable. The reasons for this breakdown, e.g. begin of 
the critical fluctuations increasing towards T N , have been discussed in detail by Arts and de Wijn [90A3]. 

For H 0z = Hq 0, the sublattice magnetizations are different for the spin-up (T) and the spin-down (F) 
sublattices 


spin-up: 


spin-down: 


Msubl(^) ~ M 0 


MsublW ~ M 0 


1 -A>SIS-j^Yj /q(<+«q) + ^X K + -«q) 

q q 

-\ + AqS!S+ — ^ /q(”q+«q) + —X ("q “ w q) 


(3.20) 


where the last term in both equations accounts for the unbalance of the two sublattices and for the 
resulting net magnetization parallel to the applied field. 
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mHto, T) = M subl (T) + M subl (f) = 2 Mq 


1 

~NS 


X K“ W q) 


(3.21) 


This net magnetization is sensed by the nuclei of the bridging (equatorial) F u -ions. Fig. 3.7 illustrates 
that the F r ions sense the sublattice magnetization and the F u -ions the net magnetization. Thus the shift of 
/ NM r in '%-NMR as a function of T and H 0z corrected for the Zeeman shift is a measure for T) 

[77A1, 77A2] as shown in Fig. 3.8 versus T for various H 0z up to 5.003 T. The data calculated by means 
of Eq. 3.21 agree quite well with the experimental data again up to T~ 0.5 T h . For lower magnetic fields, 
the agreement extends to higher temperatures while the deviations start at lower T for higher fields. From 
the inflection point of Mi (// 0z , T) near T s , the variation of 7\ can be deduced as a function of magnetic 
field \(H 0z , T) phase diagram]. The shift of/ NMR in 19 F lr NMR also corrected for the Zeeman shift can 
alternatively be studied versus H 0z for a fixed temperature. Such a study yields for T= 1.2 K the magnetic 
field at the spin-flop transition H SB = 5.45(5) T [77A2]. By differentiating Eq. 3.21 with respect to H 0z , 
the parallel susceptibility X is obtained. 


Z||(tfoz 0) 


2gp. B M 0 


2zS\J\ 


X n l ex P 1 

q 


1 + 


2zS I J I 2 


k B T 


NS 


X n l eX P (^®q 1 ^B 7 ’) 


(3.22) 


This result of the renormalized spin-wave theory may be compared to experimental data of susceptibility 
measurements. Before entering into such a discussion, it is favourable to introduce also the analogous 
result for the perpendicular susceptibility x±, i.e. the susceptibility for a magnetic field perpendicular to 
the preferred spin direction, the c-axis for the easy-axis antiferromagnets. For the spin-wave treatment of 
X±, the necessary modification of Eq. 3.2 is to replace the Zeeman term for H a parallel to the c-axis by 
one with H 0 perpendicular to the c-axis, e.g. parallel to the x-direction. The procedure is essentially the 
same as for H 0 || c outlined above (Eqs. 3.2-3.5). After the Flolstein-Primakoff and the Fourier transform, 
the terms linear in the Bose operators are removed by a shift of the origin for these operators. The final 
result after the Bogoliubov transform (cf. Eq. 3.4b) is 


X±(H 0x —> 0) 


2gn B M 0 

4zS\J\ + g\i B H A 


1_ ^X (/q-£qH 2 "q +1 ) 

q 


(3.23) 


The factor in front of the square bracket represents for H A = 0 the well-known meanfield result for x± (see 
for example Eq. 36.6 in [66K]). For T= 0, Eq. 3.23 reduces to 


%1 _(H 0x ^0,T=0) 


2 M, 


o 


2Hv + Hi 


1 -- 




2 M, 


o 


2H P + H 


A L 


5 


(3.24) 


or in a different notation (cf. Eq. 46.21 in [66K]) for the temperature-independent renormalization factor 
R 0 (cf. Eq. 3.15) 


X± 0, T= 0) 


2 M 0 { A 0 S e(h A ) 

2 H e +H a [ S (2 + h A )zS 


(3.24a) 


This second expression for Xl(T= 0) in Eq. 3.24a has frequently been used for the determination of J 
from experimental data of Zi( 7 ’ = 0)- The relation between spin-wave theory, zero-point spin reduction 
and XAT= 0) has been discussed in detail by de Jongh [73J3] and by Okabe and Fukuchi [7801]. 
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For small anisotropies as in Mn 2+ -compounds, the third term in the square brackets can be approximated 
by e(0)/2 zS = 0.632/2 zS while for A 0 .S' the anisotropy has to be taken into account [7 1C 1] and influences 
perceptibly X±(T= 0) [72J1]. 

The spin-wave results for X\ and X± are compared in Fig. 3.9 with the experimental results for 
K 2 MnF 4 [82M4] which have been obtained as differential susceptibility with an oscillating field (7/ 0 = 
0.25 T ,f~ 117 Hz). Again, the renormalized spin-wave theory [82M5] proves to be reliable up to T ~ 
0.5 r N . Improvements of the spin-wave theory for X\\ and X± have been reported by Tsuru and Uryu 
[83T4, 83T5] and compared to the experimental data for K 2 MnF 4 [83T3]. However, spin-wave theory 
alone is not sufficient for the discussion and analysis of the susceptibility because % has been measured 
over a wide temperature range from 4.2 K up to 200 K far above T H = 43.9 K. For temperatures T ~ T N 
and T> T n , spin-wave theory cannot act as an effective approximation to the experimental results. In the 
temperature range above T-h, the experimental data of X show a maximum near 70 K (cf. Fig. 3.9) which 
is typical for the quasi-two-dimensional compounds under consideration. For the highest temperatures 
near 200 K, we expect x to follow the Curie-Weiss Law 


X = 


c 


T-e c 


(3.25) 


with the Curie constant C = (NIV) [(g-|i B ) 2 5(5 + 1) / (3 |Io^b)] and the Curie-Weiss temperature 
k B 0 c = (2/3)z S(S + 1) J. For antiferromagnets with ./< 0, we have 0 C < 0 and the denominator becomes 
W + | 0 C |. Starting from Eq. 3.24, an approximate solution for X is the following high-temperature series 
expansion (h.t.s.): 


X = jV-& C !T]- X j[\ + ^ j a n K n ] (3.26) 

n = 1 

where K = J/k B T is the variable and « n are the coefficients of the series. The methods for the derivation of 
susceptibility high-temperature series expansions for the two- and three-dimensional (2D and 3D) 
Heisenberg model is explained in detail in the work of Rushbrooke and Wood [58R3] and in the reviews 
by Rushbrooke et al. [74R2] and by Navarro [90N]. The expansion coefficients a n have been evaluated 
and tabulated for n = 1 - 8 for the 2D Heisenberg model with general S on several two-dimensional 
lattices, including the square lattice (cf. the tables in [90N]). The series expansion in Eq. 3.26 is originally 
derived for ferromagnets. But it can also be used for antiferromagnets with K=\J\/k B T and 
a n —> (-1)" • fl n because of J< 0 in antiferromagnets. Unfortunately, this series for antiferromagnets has a 
poor convergence at temperatures not far above T N [77A3], Therefore it is advantageous to use the 
reciprocal series as introduced by Rushbrooke and Woods [58R3] and by Lines [70L 1 ]: 


X- l =L [l+ \0 c \/T] 


—> 


T_ 

c 


1+1 ]b n K n 

n =1 


(3.27) 


where now K= \J\/k B T and where the coefficients b n are usually derived from (-l) n ■ a n by inversion of 
the (finite) series Eq. 3.26 with a computer: 

b l =-(-l)-a ] b 2 = (-1) 2 • («i 2 - « 2 ) Z> 3 = - (-1) 3 ■ (uj 5 - 2 ci\ a 2 + « 3 ) etc. 

These first examples of b n show that most coefficients of the reciprocal series are positive and it turns out 
that the convergence is improved. In his pioneering work when only few experimental results were 
known. Lines [69L2, 70L1] has performed theoretical considerations and calculations on quasi-two- 
dimensional magnetic systems and obtained results for A 0 .S' and its dependence on the anisotropy, for 
Af sub i and X as a function of temperature. From his results, the h.t.s. data for X 1 are reproduced in 
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Fig. 3.10. They are presented as X ^X versus k B T/\J\ S(S + 1) for various values of S where % is defined 
in Eq. 3.28a below. Since Lines has used the series only with 6 coefficients, the error bars increase 
considerably towards T s . This can be improved by extending the series with now known coefficients up 
to n = 8 for general S and up to n = 10 for S = \ and S = °° [90N]. For comparison, also the mean field 

result (Curie-Weiss law) is included in Fig. 3.10 which is asymptotically approached at high 
temperatures. 

Let us now return to Fig. 3.9 with the experimental and calculated data for % of K 2 MnF 4 . The fitted 
h.t.s.-curve agrees quite well with the experimental data for temperatures from slightly above T N to 
200 K. The maximum of X is reproduced in Fig. 3.9 by the h.t.s.-curve. Generally, calculations of x(T) for 
a 2D Heisenberg antiferromagnet with various values of S [76N4] yield this maximum as a property of 
quasi 2D antiferromagnets. From all these results, relations have been derived between the exchange 
constant J and the susceptibility maximum Xmax an d the temperature T max at which it occurs. With the 
dimensionless factors T m and x'm > these relations read [76N2, 76N4, 90N]: 

^max = T m ' S(S + 1) | J\ Xmax = Xm ' X (3-28) 

with X = (N/V) (g|! B ) 2 /(|i 0 | J\) (3.28a) 

The factors T m and Xm depend on the lattice type and weakly on S (see below). For single-layer 
compounds on a square lattice, some examples of numerical values are (see [90N, 70L1, 78J3]): 

S = 1/2 1 3/2 2 5/2 

T m = 2.495(5) 2.18(2) 2.10(2) 2.07(3) 2.06(3) 

X' m = 0.0469(1) 0.0521(1) 0.0539(1) 0.0547(1) 0.0551(1) 

For further values, e.g. for other lattices, see Table IX in [90N]. Stanley and Kaplan [66S2] concluded 
from their analysis of the high-temperature series expansion that there could be a new type of phase 
transition in the 2D Heisenberg model at a finite temperature 

k B T ( £> = i (z -1) | J | [2S(S +1) -1] (3.29) 

This transition would be characterized by X diverging at T ( {1> but M— 0 for all T> 0. Long-range order 
would only exist at T=0. However, a small but finite Ising-like anisotropy and/or a small but finite 
interlayer coupling will change the character of the phase transition and a transition will occur to a 
magnetic long-range order [73M]. Therefore, the problem of a Stanley-Kaplan transition was considered 
not relevant to K2M11F4 and similar compounds which show long-range order below T N because of their 
Ising-like anisotropy [73B1]. But the Stanley-Kaplan formula Eq. 3.29 became in the meantime a tool for 
estimating \ J\ from T N or vice versa. Examples of such use of Eq. 3.29 are listed in Table 5. The 
dependence of the transition temperatures on the anisotropy was considered for various perovskite-type 
layer compounds [72J2] with a comparison of experimental values for H A /H E , k B T^/\J\, T N /0 C (cf. Eq. 
3.25) and T N / T^ 2) (cf. Eq. 3.29). The conclusion from this analysis was that the long-range order in these 
compounds results not only from the Ising-like anisotropy and a weak interlayer coupling but possibly 
also from finite-size effects [72J2] . In context with Eq. 4.2 in Sect. 4.1.1, recent results will be discussed 
about long-range magnetic order for the ground state (T —> 0) of the 2D Heisenberg model and the 2D 
XY-model for several spin values S. 

The considerations about h.t.s. may be summarised as follows: For T< T N , the susceptibility can well 
be analysed with the renormalized spin-wave theory, and for T> T H , the high-temperature series 
expansion is the more appropriate method, not only for K 2 MnF 4 but also for other quasi-two-dimensional 
antiferromagnets [73J3]. These two methods have widely been used by fitting the theory (cf. Eqs. 3.22- 
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3.24, 3.26, 3.27) to the experimental data for determining the values of J and H A as they are listed in 
Table 5. Especially susceptibility data at low and high temperatures have been used to derive values for J. 
For some compounds, the reader may compare the values for J derived from y_ with those determined 
more directly by inelastic scattering of neutrons. The application of renormalized spin-wave theory to 
various experimental data, e.g. V AFMR (r), M subl (r) and fUo(q) , has been called a spin-wave analysis of the 
compound [73W2]. 


9.12.3.1.4 Double-Layer Compounds 

For double-layer compounds like K 3 Mn 2 F 7 and Rb 3 Mn 2 F 7 , the above equations have to be modified for a 
similar analysis of the experimental data and for a determination of the characteristic parameters J and 
H a . The main difference to K 2 MnF 4 is that there are four sublattices in K 3 Mn 2 F 7 . The dominating 
exchange interaction couples an up-spin not only to the four nearest neighbour down-spins in its layer but 
also to one neighbouring down-spin in the other layer of the double-layer pair (cf. Fig. 2.4 in Sect. 2.1.2) 
and a down-spin also to five nearest neighbours. The treatment is usually simplified by assuming the 
interlayer distance a' (cf. Eqs. 2.6 and 2.7 in Sect. 2.1.1) to be equal to the lattice parameter a so that the 
same exchange constant J applies to the interaction with all five neighbours. Neglecting again exchange 
interactions between more distant neighbours and expressing the anisotropy by a staggered field H A , the 
Flamiltonian reads for K 3 Mn 2 F 7 and Rb 3 Mn 2 F 7 [77A4] 


x = -2 J X + X + X + X s ? s r 

-<ij> 


- gFB#A 


X ^ X Sj’ z+ X X S j, ’ z 


(3.30) 


where i, j, i', and j' refer to the spin-up and spin-down sublattices in layers 1 and 2, respectively. Again, 
(...) means that each pair of neighbours within the layers or in adjacent layers is counted only once and 
the subscripts z refer to the magnetic unit cell with the (x,y, z) coordinate system (cf. Fig. 2.1 in Sect. 
2.1.2). The four sublattices give rise to four spin-wave branches, i.e. two pairs of doubly degenerate 
branches if no external field H 0 is applied. Application of linear spin-wave theory to Eq. 3.30 yields for 
the magnon energies (four branches: 1 = 1, 2, 3, 4): 


with 


ftCOq 2 = 2zS | J | [(1 + /? A ) 2 — (7q 2 ) 2 ] 1/2 
flCOq 4 = 2zS I J I [(1 + /l A ) 2 - (7q’ 4 ) 2 ] 1/2 

z = 5, S = ' , h A = H A /H E , H E = 2zS\J\/g[l B , 


(3.31) 


7q 2 =t[4cos (^f)-cos rf) + l] 


( q y a 


and 7q' 4 =|[4cos (-^-cos (-y^)-l] 


For both, K 3 Mn 2 F 7 and Rb 3 Mn 2 F 7 , no experimental data are available for Jico q from inelastic neutron 

scattering. For K 3 Mn 2 F 7 , only calculated magnon dispersion curves are available (see Fig. 3.11) which 
have been obtained by means of Eq. 3.31 using the parameter values from a spin-wave analysis of 
Msubi(T) [77A4, 77A5]. For the lower two branches (1 = 1, 2), the spin precessions are in-phase for the 
two layers of the double-layer system, and for the upper two branches (1 = 3, 4), the precessions are out- 
of-phase as indicated in Fig. 3.11. The energy of the lower branch (1 = 1, 2) at q = 0 corresponds to the 
AFMR frequency 
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ho) l2 (q = 0) = h V A p M R = g[l B [2 H e H a +H 2 a ] 1/2 (3.32a) 

which has been observed by AFMR in K 3 Mn 2 F 7 and Rb 3 Mn 2 Cl 7 (cf. Table 5). At the Brillouin zone 
boundary, the two doubly degenerate branches merge into one quadraply degenerate zone edge magnon 
energy 


a® 1, 2 (?max) = to 3 ' 4 (? mM) = h v BZB = gq B [§ Hi + 2 H e H a + Hi ] 1/2 (3.32b) 

The renormalized spin-wave theory for the double-layer compounds follows the same lines as sketched 
above for the single-layer compounds. The extension to four sublattices will not be outlined here. For the 
details, the reader is referred to reference [77A4]. This theory with Oguchi corrections has been employed 
to K 3 Mn 2 F 7 for calculating the temperature-dependence of % and X± for 7 1 < T N [77A3]. The results are 
compared to the experimental data in Fig. 3.12. As for the single-layer compounds, the agreement 
between experiment and theoretical prediction is good up to T ~ 0.5 T N . 

Some of the equations derived for single-layer compounds in Sect. 3.1.3 can also be used for double¬ 
layer compounds, for example the expression for %±(T= 0) in Eq. 3.24a. Flowever, the numerical values 
A 0 5' = 0.124 and e(0)/z = 0.1221 are different for double-layer compounds (cf. Table A1 in [76N1]). For 
T>T n , the susceptibility of K 3 Mn 2 F 7 was also calculated by means of a high-temperature series 
expansion (cf. Fig. 3.12) which is as well defined by Eqs. 3.26 and 3.27. The coefficients for m square- 
layer systems (up to m= 7) have been derived and tabulated by Ritchie and Fischer [78R3] under the 
assumption of free surface conditions and of periodic boundary conditions up to seventh order. Free 
surface and m = 1 correspond to single-layer compounds. The h.t.s. for m = 2 (double-layer) and free 
surface has been used to fit the experimental data of K 3 Mn 2 F 7 (cf. Fig. 3.12). The h.t.s. results have also 
been analysed with respect to Eq. 3.28. The values obtained for a S = 4 double-layer compound are: 
T m = 2.70(5) and %' m =0.0453(2) [76N1]. For various numbers m of layers Navarro et al. [76N1, 90N] 
have compared the susceptibility calculated by means of h.t.s. for S = - 1. These data are presented as 
X( m V/f versus k B T/\J\S(S + 1) in Fig. 3.13 with % given in Eq. 3.28a. The curve for m °° 
corresponds to three-dimensional magnets with the cubic perovskite structure (cf. Fig. 1.1 in Sect. 1), e.g. 
to KMnF 3 . The susceptibility data in Fig. 3.13 demonstrate that the single-layer compounds A 2 MnX 4 
(m = 1) and the infinite-layer compounds AMnX 3 (m -> °o) are the extreme cases, namely two- 
dimensional and three-dimensional magnets, resp., and that the double-layer and triple-layer compounds 
A 3 Mn 2 X 7 and A 4 Mn 3 X 10 (m = 2 and m = 3) are intermediate between those two. 


9.12.3.1.5 Ni- and Fe-Compounds 

In contrast to Mn 2+ with its 6 S spin-only ground state (L = 0, S = -|), Flund’s rules yield as the free-ion 

ground state 3 F (L = 3, S = 1) for Ni 2+ and 5 D (L = 2, S = 2) for Fe 2+ . In these cases, the crystalline field in 
conjunction with spin-orbit coupling is the origin for a single-ion anisotropy. For Ni 2+ , the splitting of this 
ground state by the cubic and the tetragonal crystal field and by the spin-orbit coupling leads to a singlet 

ground state T 4 (D 4h ) [73D2]. In the Ni-compounds (K 2 NiF 4 , K 3 Ni 2 F 7 , Rb 2 NiF 4 ), the c-axis is still the 
preferred spin direction. For Fe 2+ , the effect of the single-ion anisotropy is more drastic since it is 
responsable that the preferred spin direction is perpendicular to the c-axis. Therefore, the Fe-compounds 
are easy-plane antiferromagnets as discussed in Sect. 2.1.3 in context with Fig. 2.6. Let us now consider 
the single-ion anisotropy for Fe 2+ in more detail. The Hamiltonian for a free ion without coupling to other 
ions may be written as [80T3] 


TWs = \Bt(O 0 4 + 50 4 4 ) + XLS+B q 2 0° 2 


(3.33) 
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In Eq. 3.33, the notation is the usual one, see for example [64H]. The first term represents the cubic field 
which splits the 5 D free ion ground state into a 5 r 5 triplet and a 5 ft doublet at about 8400 cnT 1 above 
the triplet. The second term and the third term, i.e. the spin-orbit coupling and the tetragonal crystal field 
are of nearly equal importance, and the latter splits the triplet into ground singlet and a doublet 
approximately 500 cm" 1 above it. As outlined in detail in the paper of Thurlings et al. [82T1], a spin 
Hamiltonian is derived for the orbital ground state: 

H = -2jY j SiSj + X PS^ z +flS^ z + e (S^ x +S^ y ) + 6 e (S ijX S i!y ) 2 ] (3.34) 
<ij> i 

where the first term is the exchange interaction between nearest neighbours of Fe 2+ -ions in the layers and 
the second term is the single-ion anisotropy energy. In this term is some redundance. The effects of the 

axial terms Z)S 2 z and «S^ Z cannot be distinguished in spin-wave theory, so the term with "a" will be 

omitted since it is much smaller than that with "D". Also, the effect of the two in-plane anisotropy terms 
is practically the same in spin-wave theory, and only the last term 6e(S LX S LV ) 2 will be kept. Further, the 
quartic in-plane anisotropy is decoupled within the random phase approximation to a quadratic term, see 
[82T1 ]. Thus, the final Hamiltonian for the spin-wave calculations for K 2 FeF 4 and Rb 2 FeF 4 reads 

= ~ 2J 'Z SiS i + X [DS t* + -O-SabB^Ox X S G -ScbB^O.- £ ^ ( 335 ) 
(i,j> i i i 


In Eqs. 3.34 and 3.35, (i, j) means again that each pair of nearest neighbours is counted once. The 
summation over i in the anisotropy and Zeeman terms extends over all magnetic ions in both sublattices 
and g a and g c are the g -factors for H 0 _L c and // 0 || c, respectively. The out-plane anisotropy (D > 0) forces 
the spins to a direction perpendicular to the c-axis. The in-plane anisotropy (E < 0) makes the x-axis the 
easy axis. We note that in Eq. 3.34 all terms have the tetragonal symmetry required for the paramagnetic 
phase. The in-plane term in Eq. 3.35 has still the tetragonal symmetry within the decoupling scheme 
[82T1]. If E however is treated as an independent fit parameter, this in-plane anisotropy has only the 
orthorhombic symmetry of the antiferromagnetic phase (cf. Sect. 2.1.2). In this case, E has to be 
temperature-dependent and must vanish for T> T N . In addition to the orthorhombic distortion found in the 
antiferromagnetic phase of Rb 2 MnCl 4 by neutron diffraction [97T1, 98T] as mentioned in Sect. 2.1.2, 
orthorhombic symmetry has also been observed for T< T n in Mossbauer spectroscopy on K 2 FeF 4 [78T2, 
80T3, 82T1] as a nonzero asymmetry V xx - V yy of the electric field gradient. It was found to decrease with 
increasing temperature and to vanish near T N as expected from the symmetry considerations. A similar 
asymmetry V xx - Vyy was observed in Mossbauer studies on Rb 2 FeF 4 [68W1]. Further, optical rotation 
measurements suggest that there is a slight orthorhombic distortion of the crystal below 50 K of 
magnetostrictive origin. There have also been model calculations which couple the crystal field 
Hamiltonian and the spin-wave theory with the magnetoelastic energy. In this framework, an 
orthorhombic distortion is obtained which produces an in-plane anisotropy of orthorhombic symmetry, in 
addition to the in-plane anisotropy of tetragonal symmetry [81G1, 82G2]. And both types are required for 
obtaining a good fit to the experimental data. 

In the spin-wave calculations for K 2 FeF 4 [82T1], the temperature dependence of E was modeled by 
scaling it to that of V xx Vyy. Other approaches to the spin-wave theory of easy-plane antiferromagnets 
have introduced a staggered in-plane anisotropy field [78L3, 80B4, 80B5] which cannot be established 
from dipolar interactions in this case. For the renormalized spin-wave calculations based on Eq. 3.35, the 
reader will find the details in [82T1]. Let us consider here only some of the results. The first example are 
the magnon dispersion curves determined by inelastic neutron scattering (Fig. 3.14). The theory has been 
applied in a fit to the experimental data (see solid curves in Fig. 3.14). There are two nondegenerate spin- 
wave branches in this orthorhombic symmetry which join to a degenerate mode at the zone boundary. 
From the two modes at q = 0, the upper is the out-of-plane and the lower the in-plane mode as will be 
shown in more detail below. The bottom part of Fig. 3.14 demonstrates again the two-dimensionality, 
namely the independence of 7ifi) q from q,. Other spin-wave results are the zero-point spin deviation A 0 .S' 
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and the sublattice magnetization M subl and its variation with temperature (Fig. 3.15). The experimental 
data for M subl have been determined from the intensities of the (1,0,0) and 1,0,3) antiferromagnetic 
Bragg reflections. Good agreement is obtained with the calculated data up to 45 K (= 3/4 T K ) if the 
temperature dependence of E ~ ( V xx - V yy ) is included in the calculation. The susceptibility of K 2 FeF 4 has 
been studied by NMR [82T3] and compared to spin-wave results at temperatures below T N . For our 
further discussion, it is sufficient to consider in detail the simpler expressions for the magnon energy 
obtained with linear spin-wave theory, for H 0z = 0 and // 0x ^ 0: 

hco q =2zS\J\ {[(1 + A) 2 + hi —7q - S 2 ] + 2([(1 + A) 2 -y 2 ]h 0 2 x + y 2 B 2 ) 1/2 } 1/2 (3.36) 

where A = (D~3E)/2z\J\, B = (D + E)/2z\J\, h 0x = g a \l B H 0 J2zS\J\, z = 4, S=2 

and 7 q as defined in Eq. 3.6. For reasons of the more complicated form of the first order corrections in 
case of the Flamiltonian Eq. 3.35, not only the fit values for J, A and B are different for linear and 
renormalized theory but also the anisotropy parameters D and E (cf. Table 5 and [82T1]). Considering 
now fia> q for q = 0 and introducing the exchange field H E , the out-of-plane anisotropy field H A and the 

in-plane anisotropy field H A . the two AFMR frequencies are for H 0 = 0 where in this calculation an 
isotropic g = 2.00 is used: 

out-of-plane mode: V^mr, out-of-pi. = (jl2.il) [H E (2 H A +H A ) + \H a (H a +H a )] V2 

(3.37) 

in-plane mode: Vafmr, in . plane = (y/2n) [2H E H A +\H A (H A +H A )f 2 

with g[i B H E = 2zS\J\, g[l B H A = 2DS, g[l B H A =-4ES 

and where y is again the gyromagnetic ratio. Our notation for / I E , H A and H A follows closely that of 
Thurlings et al. [82T1] because our considerations started with their Flamiltonian and because their values 
for J , D and E are listed in Table 5. The expressions for V AFMR in Eq. 3.37 show that the out-of-plane 
mode depends essentially on the stronger out-of-plane H A and corresponds to V AFMR in the easy-axis 
antiferromagnets discussed above. The in-plane mode, on the other hand, depends critically on the in¬ 
plane H a . In other words, if we had only H A / 0 or D / 0 as in the case of the easy-axis anti¬ 
ferromagnets, the frequency of the lower mode would be zero as a consequence of E = 0 and H A = 0. In 
this case, K 2 FeF 4 would be a true easyplane antiferromagnet with no preferred spin direction in the basal 
plane. On these grounds, one would expect E and H A to be smaller as it turns out from the frequency of 
the in-plane mode as determined by neutron scattering and by infrared spectroscopy [82T1]. For the out- 
of-plane mode, the magnetic field dependence (// (l || c and // 0 _L c) has been studied also by infrared 
spectroscopy [78M1, 80D]. 

But as already mentioned, some authors [78L3, 78M1, 79M2, 80B4, 80B5, 80D] have used a slightly 
different Hamiltonian describing the in-plane anisotropy by a staggered field H A (in our notation) while 

the Heisenberg-type exchange term and the out-of-plane anisotropy, i.e. a single-ion term /7 S/ z , are the 

same as in Eq. 3.35. For the latter term, a more correct ordering of the operators in the renormalized spin- 
wave theory leads to 

g]X B H A = 2D(S - \ ), in addition to g[l B ^E = 22*51 J \ and g|l B H A (3.37a) 
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In this model [78L3, 79M2, 80B4, 80B5, 80D], the factor (5- j ) ensures that the single-ion anisotropy 

(crystal field) does not influence the spin dynamics i n .S' = 4 systems where such an influence is 

impossible. The Hamiltonian corresponding to Eq. 3.37a has, for example, been applied to 
(CH 3 NH 3 ) 2 FeCl 4 [78L3] and the values of the magnetic parameters for this compound in Table 5 refer to 
Eq. 3.37a. 

9.12.3.1.6 Spin-Flop Transition - AFMR under Various Conditions 

Now, the question arises whether there is also a single-ion anisotropy in the easy-axis compounds like 
K 2 MnF 4 , Rb 2 MnF 4 , K 3 Mn 2 F 7 . Analogous to Sects. 3.1.2 and 3.1.3, a renormalized spin-wave calculation 
has been performed for K 2 MnF 4 and K 3 Mn 2 F 7 where the anisotropy in a Hamiltonian similar to Eq. 3.2 

consists of the dipolar interactions of the spins (Eq. 3.8) and a residual single-ion term D S ; z . The 

calculated data reproduce well the temperature dependence of the sublattice magnetization for both 
compounds [84U] and confirm that the out-of-plane anisotropy is dominated by the dipolar interaction in 
these Mn-compounds but that there is also a small single-ion contribution. The next question is whether 
there is an in-plane single-ion anisotropy in these compounds. This can certainly not be observed in the 
antiferromagnetic phase (AF-phase) with the spins aligned parallel or antiparallel to the c-axis but it 
would be observable in the spin-flop phase (SF-phase) with the spins oriented perpendicular to the c-axis 
similar to the magnetic order in K 2 FeF 4 . These field-dependent phenomena and the (H 0 , T) phase diagram 
for easy-axis antiferromagnets have been outlined in many reviews and, for details, the reader is referred 
to them [66K, 74J1, 90G3]. Antiferromagnetic resonance (AFMR) with high magnetic fields offers the 
possibility to answer these questions. The relation between the AFMR frequency and the ( H 0 , T) phase 
diagram is shown schematically in Fig. 3.16. H 0 (= H 0z ) is the magnetic field applied parallel to the c- 
axis. The phase diagram //„ versus temperature T shows at low temperatures for H 0 < H SF the AF-phase 
(spins || c ) and for H 0 >H SF the SF-phase (spins _L c) and for high temperatures the paramagnetic phase 
(PM-phase). As a function of T, V AFMR decreases gradually and approaches zero for T —> T N . 
Experimental data with this dependence have been presented for K 2 NiF 4 in Fig. 3.3. The dependence of 
V A fmr on H 0 shows for H 0 <H SF two Zeeman branches with linearly increasing and decreasing 
frequencies according to Eq. 3.9. For H 0 = H SF , the frequency of the lower branch goes to zero signalling 
an instability of the system which is then restabilized by the transition to the SF-phase. Then, we have 
again two AFMR modes. The upper one will turn out to be the out-of-plane mode and the lower nearly 
field-independent one the in-plane mode. Corresponding experimental data are shown in Fig. 3.17 for 
Rb 2 MnCl 4 which is another easy-axis antiferromagnet [80S2] like K 2 MnF 4 and Rb 2 MnF 4 . 

AFMR measurements with frequencies 8-250 GHz and magnetic fields up to 7 T have been 
performed on Rb 2 MnCl 4 not only by the usual method, namely sweeping the magnetic field at fixed 
frequency, but also by sweeping the frequency at fixed magnetic field employing tunable backwave 
oscillators [91G1, 92G1]. A remarkable feature in Fig. 3.17 is that at // 0 = 0 a splitting is observed into 
two AFMR modes (cf. insert in Fig. 3.17). This is in contradiction to Eq. 3.9 and the spin-wave 
considerations below will have to take this into account. The AFMR data in Fig. 3.17 clearly reflect the 
transition from the antiferromagnetic to the spin-flop phase as shown schematically in Fig. 3.16. The 
mechanism of this transition is easily understood by considering the static energy density of the AF-phase 

with a term % Hq describing the magnetization in the AF-phase 

i/(AF) = - H E M mbl + 7/ A Af su bi - j X\\ H o 


and that of the SF -phase 

i/(SF) = - H e M suU -\ XlHI with Zx = 2M subl /(2// E -// A ) 


Landolt-Bornstein 
New Series III/27J3 



176 


9.12.3.1 Antiferromagnets 


[Ref. p. 328 


For H 0 smaller than the spin-flop critical field H SF , m(AF) is lower than z/(SF). For H 0 >H SF , on the other 
hand, the SF-phase is energetically more favourable because of Xl > X ■ Since X is rather small at low 
temperatures (T« T N ), it is often neglected in the analysis of AFMR experiments. But it is usually 
included for discussing the spin-flop transition which is characterized by m(AF) = m(SF) [67B1]: 

Cri-Z||)^s 2 F = 2M subl // A (3.38) 

where M subl , X± and X\\ depend on the temperature. Eq. 3.38 can alternatively be written as 

(1 - X„/X±) Hl F = 2 H e H a - Hi (3.38a) 

In many treatments of AFMR, M(H 0z , T) = X H 0 is also included in the spin-wave calculation for V AFMR 

• • 0 " 1 “ • 
(see for example [63F1, 94H]). The result is similar to Eq. 3.9. Neglecting terms with (X\ H 0 ) , V^fmr > s 

slightly modified as compared to Eq. 3.9 

vXfmr = (y/2m) [2H E H A +Hi) l,2 +(l-X\\/X±) V2 H 0z ] 

Both, Eq. 3.9 and this modified form, show that the lower Zeeman branch (cf. Fig. 3.17) tends to zero 
near H 0z = H SF . For T« T n , we may neglect X\ not only for V AFMR but also for H SF 

H SF = (2H E H A )-Hi) m (3.39) 

Eq. 3.39 is more compatible to Eq. 3.9 and many similar equations than Eq. 3.38. It means that V AFMR of 

the lower branch vanishes for H 0z = H SF if H A can be neglected in comparison to 2 H E H A . With 
H e = 87.09 T and H A = 0.175 T for Rb 2 MnCl 4 (cf. Table 5), we can calculate this not quite vanishing 
V AFMR by means of Eqs. 3.9 and 3.39 and obtain V AFMR = 155 MHz. In Fig. 3.17, the frequency of this 
branch is reduced considerably but is definitely not as small as 155 MHz at the spin-flop transition. This 
is possibly due to relaxational modes which have been considered the reason for similar effects in the 
AFMR of YFeC >3 and DyFcCfi [87B2, 88B1]. But experimental shortcomings could also be responsible 
for this behaviour. 

For the magnetic (H 0 , T) phase diagram (schematically in Fig. 3.16), theory employing 
renormalization-group methods [74F3, 74N3, 75F1, 76K2, 76P3, 77N5] predicts for a 3D uniaxial 
Heisenberg antiferromagnet a discontinuous transition from the AF- to the SF-phase if H n is accurately 
aligned parallel to the c-axis. Further, a bicritical point (BCP) is predicted where the first order spin-flop 
line meets the lines of second order phase transitions to the PM-phase. The AF-phase shows a one spin- 
component ordering with Ising-like critical behaviour (cf. Sects. 4.1.2-4.1.5). In the SF-phase, the 
ordering is due to two spin-components with XY-like behaviour (cf. Sect. 4.1.8). For a 2D uniaxial 
Heisenberg antiferromagnet, theory predicts the BCP to be at T= 0. But the Ising-like anisotropy and/or a 
small interplanar coupling (cf. Sect. 3.1.2) which cause a 3D long-range order may move the BCP to 
finite temperatures [93C2]. Experimentally, the phase diagram of Rb 2 MnCl 4 [86R1, 86R2] was studied by 
neutron diffraction and the results are depicted in Fig. 3.18. The critical point (H c P = 5.55 T, 
T c P = 50.5 K) is a bifurcation point and not, as expected, a BCP. The same kind of bifurcation point has 
been found for K 2 MnF 4 [82 Jl, 82M4]. As mentioned above, the spin-flop transition is expected to be 
discontinuous for a correct alignment H 0 || c. But all experimental results, from AFMR and neutron 
scattering, on Rb 2 MnCl 4 , on K 2 MnF 4 and also on Rb 2 MnF 4 (cf. Fig. 3.17 and [82J1, 82M4, 86R1, 86R2, 
91G1, 92G1, 93C2] show a considerable width of the spin-flop transition. This has led to the conclusion 
that the spin-flop transition is continuous in these 2D compounds, and de Jongh and de Groot assumed 
this to be principally the case on the basis of a 2D Heisenberg model with a weak uniaxial anisotropy 
[85G2, 85J1, 86G1, 86J2, 90G3]. But it should also be noted that the transition will be continuous if there 
is a misorientation of the external H 0 with respect to the c-axis larger than t// = H A /2H E [69R]. For a 
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clarification of these problems, Cowley et al. have determined also the phase diagram of Rb 2 MnF 4 by 
neutron diffraction [88C3, 93C2]. It exhibits the expected BCP (see Fig. 3.19) as it was found in a 
number of 3D uniaxial antiferromagnets, for example, in MnF 2 [76S4, 79K6]. The theoretical curves in 
the phase diagram for Rb 2 MnF 4 (Fig. 3.19) are calculated by means of Eq. 3 in [93C2] with the optimum 
fit value 2np s = 434.7 K. The actual value 2np s = 273 K is only reasonably consistent with the 
experimental data. In this theory [75F2, 78K3, 93C2], the BCP is located at T= 0, but along the spin-flop 
transition, the two theoretical lines are so close together that they cannot be distinguished in Fig. 3.19. As 
a further activity in this field, new studies on Rb 2 MnCl 4 [96K, 98K1] were recently performed by Monte 
Carlo simulation and by neutron diffraction. The calculated data clearly exhibit a BCP. The experimental 
data indicate bicritical behaviour but more data are needed for a definitive answer to this question. 

Turning now to the detailed explanation of the AFMR data of Rb 2 MnCl 4 in Fig. 3.17, a Hamiltonian is 
introduced which contains not only the exchange interaction and the out-plane anisotropy as in Eq. 3.2 
but also in-plane anisotropy terms of tetragonal symmetry and of orthorhombic symmetry: 

#=-2 j x ^i - X [Z)Si > - 6e s g+ E (S ?* - s g )] ■ ^ b//# X ( 3 - 40) 

<i,j> i i 

where D, E and e have the same meaning as in Eqs. 3.34 and 3.35. Analogous to K 2 FeF 4 with +DSf z 

[82T1], the out-of-plane anisotropy of Rb 2 MnCl 4 is written here in the form -DSf z which has also been 

used for K 2 NiF 4 [74N1] and for K 2 MnF 4 [76R2, 90G3] although in the latter the dominant contribution 
originates not from a single-ion anisotropy but from magnetic dipolar interactions. The term with 
orthorhombic symmetry is again assumed to originate from the orthorhombic symmetry of the AF-phase 
(cf. Fig. 2.2) because of an orthorhombic distortion resulting probably from magnetostrictive effects (cf. 
Sect. 2.1.2). As in K 2 FeF 4 , E will decrease with increasing temperature and vanish at T N . For the term 
with E, the upper sign refers to one of the two domains and the lower sign to the other one. It has been 
shown in Sect. 2.1.2 that two domains (Acam and Bbcm) exist in the antiferromagnetic state (cf. Fig. 2.2). 
For magnetic resonance, i.e. for the treatment of spin waves near q = 0, it is advantageous to convert Eq. 
3.40 to an energy density u with macroscopic magnetizations M a and M b of the two sublattices [ 66 K, 
83G1]: 


u = ^M a M b --^-(Ml z +Ml z ) + -^(Ml x M a y +M b x M b y ) 

M s 2 M s 2 Mi 

(3.41) 

+ (1Ml x - Ml + Ml x —MI y ) - (H 0 + h ) (M a + M b ) 

2 M s 

The relations between Eqs. 3.40 and 3.41 are as follows: 

= 2zS\J\ g\i B H A = 2 DS g|l B H A = 1 2eS g[l B H A =-4ES 

In the Zeeman term, H n is again the applied static magnetic field and h ~ exp [-i(ft) t - q r)] the oscillating 
magnetic field of the microwave or millimeter wave where the wavevector q of the electromagnetic wave 
is very small and practically at the center of the Brillouin zone, see Fig. 3.14, where also optical data are 
shown in the center of the Brillouin zone, in addition to neutron data. In Eq. 3.41, M s is the (static) 
sublattice magnetization at low temperatures M, ubl (0) = M 0 (l - A^S/S). The above considerations for 
K 2 MnF 4 etc. have shown that linear spin-wave theory is sufficient for the treatment of magnetic 
excitations at low temperatures. 

The calculations for magnetic resonance under various conditions are now performed using classical 
torque equations instead of the procedure outlined in Eqs. 3.3-3.6 and 3.9. The equation of motion 
employed in this context is the socalled Bloch-Bloembergen equation (Eq. 59.18 in [66K]) which is an 
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adaption of the Bloch equations for nuclear magnetic resonance (see for example: [78S5, 81G2]) to 
ferromagnetic and antiferromagnetic resonance by Bloembergen [SOB] : 

dM H /dt = y(M,x//^ eff )-A(M,-M M ) H = a,b (3.42) 

with the gyromagnetic ratio y, the effective magnetic fields 

H^ ctr = - [du / dM^ x , du/ dM^ y, du / 3M^ Z ] 

and a phenomenological damping constant A. The sublattice magnetizations are divided into a static and 
an oscillating (precessing) part 


M a = M afi + M b = M b0 + m b 

and, in the sense of a linear response theory, products of /w a and rn h and h are neglected for the 
calculations based on Eq. 3.42. For performing magnetic resonance under various conditions, the static 
magnetic field may be applied in arbitrary directions with respect to the crystalline axes [(x,y,z) system], 
described by a polar angle i/r and an azimuthal angle /): 

H 0 = // 0 (sini//cos/3. sini//sin/3. cost//) (3.43) 

For M a and M b , similar angles of rotation are introduced where m a \ »? a 2) , m b \ and m b ] are the two 
precessing components perpendicular to M a0 and M b , 0 , resp.: 

M =[M^ o sin0^ cosd^ +/hJ 1 1) cos0^ 1 cosd^ -m (2) sin <5 U ] 

M = [M^ 0 sin^ sin<5 k , + cos0 (l sind^ + m {2) cos<5 H ] (3.44) 

M n,z = [M^o cos^ - m i2) sin0 u ] 

where again q = a, b and where M a 0 = +M S and M b 0 = -M s neglecting and the resulting magnetization 
at low temperatures where %\ ~ 0- Setting the oscillating components m a = m b = h = 0 and inserting Eqs. 
3.43 and 3.44 into Eq. 3.42, the angles 0 a , 6 h , <5 a , and d, are determined from the equilibrium conditions, 
i.e. vanishing torque for the static components ofM a and M b . Using these equilibrium directions, Eq. 3.42 

yields an inhomogeneous system of linear equations for m a \ m {2) , m b \ and m { } ] which can be solved 
to obtain the dynamic magnetic susceptibility %i yn of the system: 

m = //i a + m b = Xdyn h (3.45) 

where wi a and m b are only the oscillating components from Eq. 3.44 and where J£ dyn is a tensor. Since h is 
the magnetic field of an electromagnetic wave, there also exist the other fields of such a wave 

e,d,b~ exp [- i(eo t - q r)] 

which are related to each other by Maxwell’s equations. Using b = p. 0 (l + % dyn ) h and d=(e) e, 
elimination of e yields the following equation for h [83G1]: 

4- 9 X K«0 -1 (f X *)] = - (1 + Xdvn) h (3.46) 

co~ 
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This is a homogeneous set of linear equations for the components of h which has nontrivial solutions only 
if the determinant of the coefficients vanishes. After inserting q which is mostly q = (0, 0, q ) for the 
layered structures, the corresponding secular equation is used to determine the propagation constants of 
the electromagnetic wave in the magnetic material, i.e. the refractive index n and the extinction 
coefficient k (cf. Sect. 2.2.1) 


2 2 

c q , . , ,2 

-2L_ = (/7 + 1 k) 


CO~ 


(3.47) 


In these solutions are also included purely electromagnetic waves, the interaction of electromagnetic 
waves and AFMR modes (magnetic polaritons, see Sect. 3.2.4 below) and other propagation effects 
[83G1]. 

Let us now consider for the discussion of the AFMR data of Rb 2 MnCl 4 at first the simplest case: 
H 0 || c (i// = 0) and //„ < // SF . Then the equilibrium conditions yield 6 a = 6 b = 0 and <5 a = = 0. Let us 

further assume H A = 0 and also A = 0 although A ^ 0 is needed in practical calculations for simulating 
the linewidth. The solution of Eq. 3.42 is then for a microwave or millimeter wave source with frequency 
v (ft) -> 2nv) 


Xdyn 


' X xx z xy 
-z xy z xx 0 

l 0 0 oj 


(3.48) 


As the final result according to Eq. 3.46, two circularly polarized modes are obtained with the 
propagation constants 


(n + ik) 2 = e ± (z xx ±iz xy ) 


(3.49) 


where 


(Z xx ± i Z xy ) 


_2 Y 2 M s H a _ 

y 2 [2H E H A +H 2 A ]-[2nv±yH 0 ] 2 


and £_l is the dielectric constant for eZc. The resonance frequency V AFMR in Eq. 3.49 for which the 
denominator vanishes is the same as that obtained from linear spin-wave theory in Eq. 3.9 and in Eq. 3.38 
for X\\ = 0. Thus, this classical treatment of the spin waves at low temperatures is completely equivalent to 
the linear spin-wave theory sketched above (Eqs. 3.2-3.6, 3.9). Of course, our first simple approach with 
H a = 0 cannot explain the splitting for H 0 = 0. Moreover, a comparison with the experimentally obtained 
AFMR absorption curves for H 0 = 0 (cf. Fig. 3.20) shows that these transmission curves cannot be due to 
circularly polarized modes since the transmission cannot be lower than 50% (7’=0.5 = 
Iq- 0.301) c i rcu larly polarized modes are excited by linearly polarized light. In Fig. 3.20, the 

transmission decreases to T ~ 10 -0 ' 9 at 4.5 K. Thus we have to include II A ^ 0 into our considerations. 
Then we obtain for H 0 = 0 from Eq. 3.42 


3Cdyn 


0 

0 


with 


Z = 


2y m s (h a ~h a ) 


r 

o 


f [2 H e (H A +H A ) + Hi-Hl]-(2nvf 


x yY =- 


(3.50) 


2y m s (H a +h a ) 


[2 H e (H a —H a ) + H a - H a ]~ (2nv) 2 
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Eq. 3.50 indicates that the modes for H 0 = 0 can be excited with linearly polarized light, the first with h x 
and the second with h y . The V AF mr resulting from ^ xx and % yy (denominator —> 0) differ by ± 2 H E H A 
and can thus account for the observed splitting. That both modes are measured with one linear 
polarization ( h x or h y ) originates from the existence of the two domains with an interchange of the x- and 
_v-dircctions between them (cf. Fig. 2.2 in Sect. 2.1.2). The different intensities of the two absorption lines 
in Fig. 3.20 reflect the different occurrence of the two domains. This occurrence and thus the intensities 
can be changed by performing a spin-flop cycle, i.e. increasing H 0 at 4.2 K above // SF and lower it again 
to zero [92G1]. We note finally that the exchange field // E is known from inelastic neutron scattering 
experiments [80S2] and that the anisotropy fields H A and H A can be determined from the frequencies of 
the two AFMR modes for H o = 0 which have been measured by sweeping the frequency. And the solid 
curves in Fig. 3.17 (v AFMR versus // 0 || c) have in principle been calculated with these values (cf. Table 5) 
by means of Eq. 3.50. But in order to obtain the continuous character of the spin-flop transition by this 
simple spin-wave theory, the curves in Fig. 3.17 have actually been calculated for H 0 rotated away from 
the c-axis by an angle i//=0.3°. For H 0 J=0, % dyn has also off-diagonal elements and the modes are 
elliptically polarized. And for magnetic fields Hq>(2H e H a ) /(2 H E H A ), the influence of H A is 
greatly diminished and the modes approach more and more the circularly polarized type. 

Next let us discuss the SF-phase with H 0 >H SE and still H 0 || c (y/= 0) with the spins flopped to the 
basal plane ( 9. d ~ 7t/2 and 0 h = n/2). Then the classical spin-wave theory outlined above (Eqs. 3.42-3.46) 
yields for the upper mode, the out-of-plane mode, a frequency 

Rafmr, out-of-pi. = (y/ 2 .k) [ Mq — 2 H e (H A +H A )] m (3.51a) 

where products of the anisotropy fields like H A ,H A H A ,H A H A have been neglected. This mode is 
elliptically polarized and can be excited with h x or h y . The second mode, the in-plane mode, is nearly 
independent of H 0 with a frequency (also products of H A , H A and H A neglected) 

V AFMR, in-plane = (y/2rc) [2H E (H A - 2H A )] lL (3.51b) 

which can only be excited in an unusual longitudinal configuration with h z , i.e. with h ||// 0 [63F2], and 
only by sweeping the frequency. According to Eq. 3.51b, this mode is independent of H 0 . But it can only 
be called nearly field-independent since it exhibits a dependence on H 0 on a much larger scale. In addition 
to the spin-flop transition, there is another field-induced transition in antiferromagnets, namely the 
transition to the PM-phase for H 0 ~2H E [64A, 66K, 68F2, 85G2, 85J1, 86G1] where as the typical 
instability at a phase transition Vafmr, in plane — > 0. With H 0 ~ 2H E , the external magnetic field is strong 
enough to overcome the antiferromagnetic exchange interaction and to align all spins parallel to the field. 
In the antiferromagnets like K 2 MnF 4 , K 2 FeF 4 , Rb 2 MnCl 4 etc., the exchange fields H E are so large that this 
transition from the SF-phase to the PM-phase is experimentally inaccessable. In case of Rb 2 MnCl 4 as an 
example, we would need H 0 = 2H E — 174 T to observe the transition to the PM-phase. However, in Cu- 
compounds with a weak interlayer antiferromagnetic exchange coupling (cf. Sect. 3.2.1), both the spin- 
flop transition and the transition to the PM-phase can be observed at moderate magnetic fields (see Sect. 
3.1.8 below) but not in Rb 2 MnCl 4 . For this compound, we return to our aim to determine the anisotropy 
fields from AFMR data. Eqs. 3.50 and 3.51b illustrate that both in-plane anisotropy terms in Eq. 3.40 are 
needed for explaining and analysing the experimental data in Fig. 3.17. The values for the anisotropy 
fields determined in the way sketched above are (cf. Table 5 and [91G2]) 

gji B // A = 0.1634 cm" 1 g[i B H A = 0.014 cm* 1 g-|a. B // A = 0.0034 cm _1 
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The out-of-plane anisotropy field is the largest one and the in-plane ones are smaller by at least one order 
of magnitude as expected for a Mn-compound. The corresponding data for K 2 FeF 4 with dominating 
single-ion anisotropy 


git b#a = 11.96 cm 1 glt B H a = 2.72 cm 1 

are considerably larger than the values for Rb 2 MnCl 4 . 

Finally, Rb 2 MnCl 4 has also been studied by AFMR for H it _L c (y/= n/2). The data are presented in 
Fig. 3.21 for /3 = 0°, 24° and 45° (cf. Eq. 3.43). In the simple approximation of Eq. 3.9 with H A = 0, the 
results should be independent of /i But such a dependence is observed in Fig. 3.21 and shown in more 
detail in Fig. 3.22 as field H Tes at resonance versus /3 for v= 161 GFlz. These experimental data in Fig. 
3.22a look like a splitting of the AFMR mode although there cannot be such a splitting in a two-sublattice 
antiferromagnet. The model calculation in Fig. 3.22b using the method introduced above (Eqs. 3.40-3.46) 
presents the solution of this problem. For each domain, the orthorhombic anisotropy field H A causes // rcs 
to vary with ft forming extrema at /3 = 0°, 90°, 180°, 270° etc. As explained in context with Eqs. 3.40, 
3.41 and 3.50, the interchange of the x- and y-axcs for the two domains has the effect that // A acts 
positive for domain 1 and negative for domain 2 (cf. Fig. 3.22b) and the experimental data in Fig. 3.22a 
result from the simultaneous observation of the two domains and not from a splitting of the AFMR mode. 
The curves in Fig. 3.21 calculated by means of the classical spin-wave theory include also both domains 
to achieve a good agreement with the experimental data. This /3-dependence of H les for H 0 J_ c has not 
only been observed for Rb 2 MnCl 4 but also for K 2 MnF 4 [83R3], for (CH 3 NH 3 )MnCl 4 [92G1] and for the 
mixed crystals (CH 3 NH 3 )Mn 0 91 Cd 0 09 C1 4 [83R3]. In the AFMR studies of Rb 2 MnCl 4 with H 0 _L c. the 
upper mode depends strongly on H 0 and can be excited in the usual way by h _L H 0 while the nearly field- 
independent mode is observed only with It || H 0 . This was also reported by Zvyagin et al. [85Z2] for 
AFMR experiments on [NH 3 (G H 2 ) 3 NH 3 1MnC1 4 with H 0 parallel to the hard axis. Thus, antiferromagnetic 
resonance under various conditions is a powerful tool for determining all the different anisotropy 
constants of a magnetic system while the exchange parameter can better be determined by measuring 
0)(q) with neutron inelastic scattering. For obtaining all possible information from AFMR, it is essential 
to perform spin-wave calculations along the lines sketched above and to evaluate the selection rules for 
the different AFMR modes. Otherwise the results will be incomplete as in a recent AFMR study of 
Rb 2 MnCl 4 [94H]. For example, the nearly field-independent modes are missing in the SF-phase and for 
H 0 _L c. Consequently, only the largest anisotropy constant (= H A ) has been determined in this study. 


9.12.3.1.7 Canted Antiferromagnets, Weak Ferromagnetism 

Some easy-axis antiferromagnets like (CH 3 NH 3 ) 2 MnCl 4 and (C 3 H 7 NFI 3 ) 2 MnCl 4 and also easy-plane 
antiferromagnets like (CH 3 NH 3 ) 2 FeCl 4 exhibit a canting of the spins away from the preferred spin 
direction and a weak ferromagnetism. This behaviour can either be caused by single-ion anisotropy in 
combination with tilting of the MnClg octahedra in the low temperature phases of the above mentioned 
compounds or by Dzyaloshinskii-Moriya interaction (DMI) or antisymmetric exchange [57D, 58D, 60M, 
63M]. A numerical analysis for these Mn-compounds [79G6, 90A1] led to the conclusion that the single¬ 
ion anisotropy mechanism is about an order of magnitude too small and that the DMI is actually the 
origin of the spin canting and the small ferromagnetic moment. In the canted ferromagnet Rb 2 CrCl 4 on 
the other hand, the canting is due to the single-ion anisotropy in connection with the collective Jahn- 
Teller effect (cf. Sects. 2.1.3 and 3.2.2). For our further considerations, we will start from a Hamiltonian 
with isotropic intralayer exchange of the Heisenberg-type and with antisymmetric exchange (DMI) 
between nearest neighbours within the layers [79G6, 90A1]. In addition, the Hamiltonian 7/’contains a 
Zeeman term and, for more clarity, only the out-of-plane anisotropy, analogous to the Hamiltonians with 
DMI used for other materials [67C2, 72Y4] 
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X = -2SiSi+Uhm^ (SiXSJ-D^ $ (3.52) 

(i,j> <ij> i i 


where O dm = (D DM x , D dm y , Z) DM z ) > s a constant vector and where all other terms have the same meaning 
as in Eq. 3.40. The antisymmetric exchange constant | Z) DM | is usually much smaller than the constant J of 
the isotropic symmetric exchange. Moriya [60M, 63M] has pointed out that |Z) DM | may be estimated 
from the following relation 


(3.52a) 

With respect to the symmetry of the system, the isotropic exchange and the Zeeman terms are invariant 
under all symmetry operations. The out-of-plane anisotropy term reflects a uniaxial crystal symmetry. 
And finally, the term for the antisymmetric exchange is subject to severe symmetry restrictions [57D, 
58D]. It cannot occur in a compound A 2 MX 4 if between two magnetic M 2+ -ions is a center of inversion 
symmetry in the chemical unit cell disregarding the spins and their orientation [60M, 63M], That means 
the site symmetry of the X“-ion must not contain the inversion. Then, the vector D dm is perpendicular to 
the plane through the two M 2+ -ions and the X~-ion [83N4, 86C2]. Some results of these and of more 
detailed group theoretical considerations are compiled below for space groups relevant for perovskite- 
type layer structures. These are confined to simple two-sublattice antiferromagnets 

1) tetragonal symmetry (I4/mmm): Z? DMx = Z) DMy = Z) DMz = 0 

2) orthorhombic symmetry (Acam, Bbcm): Z) DMx = ^DM,y = 0’ 79 dm, z ^ 0 

3) monoclinic symmetry a) A2i/bl 1 : Z) DMx = 0, 79 DMy ^ 0, D DM z ^ 0 

b) B^j/al : 79 DMx ^ D DMy = 0 , ^dm,z ^ 0 

For easy-axis antiferromagnets with M subl parallel or antiparallel to the c-axis, only D nvl x or Z) DM y will 
effect a canting of the spins away from the c-axis and a weak ferromagnetic magnetization M y or M x 
respectively. In the SF-phase of easy-axis antiferromagnets, however, Z) DMz may possibly cause a spin 
canting. But in the structures Acam and Bbcm of Rb 2 MnCl 4 , for example, Z) DM z will be rather small 
according to the extremely small orthorhombic distortion. For easy-plane antiferromagnets like K 2 FeF 4 , 
Z) DM x or D|)\iy with D dm ± M subl can effect a spin canting away from the easy plane resulting in a weak 
ferromagnetic M z [83N4]. From the rules above, DMI and spin canting will not occur in compounds with 
the tetragonal structure I4/mmm in their PM-phase and also for easy-axis antiferromagnets like K 2 MnF 4 , 
Rb 2 MnF 4 , K 2 CoF 4 and Rb 2 MnCl 4 in their AF-phase with the structure Acam and Bbcm. The same is true 
for easy-plane antiferromagnets like K 2 FeF 4 and Rb 2 FeF 4 with the structure Abma or Bmab. As discussed 
in detail in Sects. 2.1 and 2.2, the perovskite-type layer compounds with organic A + -ions undergo several 
structural phase transitions between room temperature and their Neel-temperature connected with an 
ordering of the (C n H 2n+1 NH 3 ) + -ions and a tilting of the MX 6 octahedra. Therefore, the symmetry is 
lowered at temperatures near T N so that the above symmetry conditions are met. For example, the Mn- 
compounds (C lv H 2n+1 NH 3 ) 2 MnCl 4 with n = 1 and n = 3 have a monoclinic structure so that spin canting 
and weak ferromagnetism are allowed [90A1]. In a nonstandard setting, the structures are A2|/bll or 
B^/al with monoclinic angles a or /3 of 92.5° and 90.2° for n = 1 and n = 3, resp., (cf. Table 2). This 
allows to use an orthogonal pseudo-orthorhombic coordinate system. It is further evident from structural 
considerations that the canting of the spins is closely related to the tilting of the MnClg octahedra [83N4, 
90A1]. Spin canting has also been reported for the compounds (C n H 2n+1 NH 3 ) 2 FeCl 4 with n = 1 - 4 
|S0VI4, 83N4 1. 

As in the last section (see Eqs. 3.40 and 3.41), it is useful to convert the Hamiltonian Eq. 3.52 to a 
classical energy density u with the macroscopic sublattice magnetizations M a and M b of an easy-axis two- 
sublattice antiferromagnet with monoclinic symmetry 
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u = ^M a M h (M a>z M b , x — M a x M b z ) 
M s M s 

-(//„ + //) (M a +M b ) 


H A 

2 M s 


(M a 2 , z 


+ ^b,z) 


(3.53) 


with the Dzyaloshinskii-Moriya field // D which is defined as g]J. B // D = 2z£D DMy without specifying the 
direction of Z) DM in Zf D . For the rest, the notation is the same as in Eq. 3.41. It follows from the group 
theoretical analysis above that D DMy and (M a x M b ) y are appropriate for A2j/b 11 and that for B12|/al 
with D DMx ^ 0 alternatively (M a x M b ) x has to be used in the term with H D in Eq. 3.53. Similar rules 
apply to other structures. As a first step, Eq. 3.53 is used to determine the canting angle <p from the 
equilibrium conditions using the Bloch-Bloembergen equation Eq. 3.42 and Eq. 3.44 with /7 (l = 0 and 
//!., = »i b = h = 0. In this way, we obtain <5 a = = 90° and 0 a = +<p and 6 b = -(p with 

tg 2 <p = 2H d I(2H e + H a ) or (p~H D /2H E (3.54) 

The angle (p measures the canting of the spins away from the c-axis. Essentially, it depends on the ratio of 
the Dzyaloshinskii-Moriya field H D and the exchange field H E . The static components of the sublattice 
magnetizations are 

M a = (+M s simp, 0, + M s cosip) M b = (+M S simp, 0, -M s cosip) (3.55) 

That means that the DMI or antisymmetric exchange (M a x M b ) y for D DMy ^ 0 induces a weak 
ferromagnetic moment ,V/ X = 2 M s simp parallel to the x-axis while the antiferromagnetic moment is 
M Z = ±M S cosip parallel to the z- or c-axis. For D DM x ^ 0, on the other hand, the weak ferromagnetic 
moment due to (M a x M b ) x would be parallel to the y-axis. Spin canting is observed experimentally either 
as a sharp peak at T N in the magnetic susceptibility X [60M, 63M] or by direct measurement of the weak 
ferromagnetic moment. The latter was done for (C 3 H 7 NHq 2 ^ n C1 4 [79G6, 80G7, 90A1] and the 
experimental results were used to determine the canting angle 

tg <p= 8.4 • 1(T 4 or <p = 0.05° 

With H e = 66.3 T for (C 3 H 7 NH 3 ) 2 MnCl 4 [79G6, 80G7], we obtain H D =111 mT according to Eq. 3.54. 
Also for (CTENH 3 ) 2 MnCl 4 and (C n Fl 2 n+ iNF[ 3 ) 2 FeCl 4 with n = 1 and n = 2, the ferromagnet moment was 
determined [83N4, 96K]. A further aspect of the spin canting and the weak ferromagnetism is that the 
antisymmetric exchange interaction leads also to a splitting of the zero-field AFMR frequency. A 
classical spin-wave calculation by means of Eq. 3.42 using the energy density Eq. 3.53 yields for H 0 = 0 
and for low temperatures (X\\ ~ 0) the following two AFMR frequencies 

Vafmr.1 = ( 7 /2JC) V(2 H e +H a )H a (3.56a) 

Vafmr,2 = (7/2n) J(2H e +H a )H a + (H D y- (3.56b) 

The difference between v AF virj and V AFMR 2 and thus the splitting of the zero-field AFMR is extremely 
small, with H A = 29 mT [81S4, 83G1] and the above values of H E and H D for (C 3 H 7 NFl 3 ) 2 MnCl 4 , we 
obtain V A fmr,i _ v afmr,2 = 0-1 GHz. This difference has not been resolved in the experimental study. Due 
to the line-broadening, only one AFMR line was observed at 55.5 GHz (= 1.85 cm 4 , cf. Table 5). For 
H 0 \\c and H 0 <H SE , the linear spin-wave calculation based on Eq. 3.53 yields two AFMR modes 
depending linearly on H 0 evolving from the zero-field AFMR as shown for Rb 2 MnCl 4 in Fig. 3.17. 

So far, only simple two-sublattice antiferromagnets were discussed. But there are a number of 
compounds with more than two magnetic ions per unit cell, e.g. four ions in the structures Pbca, Pnam 
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and P4 2 /ncm. These systems can be subdivided into four magnetic sublattices M a , M b , M c , and M d . Then 
more complicated terms like that in Eqs. 3.52 and 3.53 may become symmetry-allowed. That means there 
are a number of combinations of antisymmetric exchange terms which may give rise to spin canting with 
a weak ferromagnet M or to a hidden spin canting with opposite sign in adjacent layers. Examples of 
compounds of the latter kind are (CH 3 NH 3 ) 2 CuBr 4 [80K6, 81S5] and [NH 3 (CH 2 ) 2 NH 3 ]CuBr 4 [85R2], In 
this context, it is worth noting that the four magnetic ions in four-sublattice antiferromagnets will be 
located in two neighbouring layers of the perovskite-type layer structures. Accordingly, there are four 
AFMR modes instead of the two modes in two-sublattice antiferromagnets. Two of the four are ordinary 
AFMR modes where the spins of the second layer precess in-phase with those in the first layer. The other 
two modes are usually called exchange modes with an out-of-phase precession of the spins. In case of 
four or more magnetic ions per unit cell it is advisable to make use of the symmetry properties of the 
system before deriving the frequencies of the modes by means of a classical spin-wave calculation 
[79B10, 85Z2, 86K6]. This will not be done in detail here. The interested reader will find derivations in 
the references, e.g. in [85Z2] for [NH 3 (CH 2 ) 3 NH 3 ]MnCl 4 , together with the corresponding experimental 
data. 

In Cu-compounds with strong ferromagnetic intralayer coupling and weak antiferromagnetic 
interlayer coupling, the origin of spin canting is usually not so much the antisymmetric exchange (cf. Eqs. 
3.52, 3.53) but a special type of intralayer anisotropic exchange (cf. Eq. 3.99 in Sect. 3.2.3). 


(7/| ) /M 0 ) (M a ,y Ma,z — Mb,y Mb,z) 


where the parameter is usually also denoted H D as the Dzyaloshinskii-Moriya field since the effect of this 
term is very similar to antisymmetric exchange (DMI) although it is in principle a different type of 
interaction. Moreover, the canting angle (p is usually small in Mn-compounds because of the strong 
antiferromagnetic intralayer coupling while it is much larger in Cu-compounds where H D may be of the 
same order of magnitude as the weak interlayer antiferromagnetic coupling, and the antiferromagnetic 
moment and the ferromagnetic one are nearly equal for angles <p near 45°. Nevertheless it is common use 
in the literature to call antiferromagnetic Cu-compounds like (C 2 H 5 NH 3 ) 2 CuC 1 4 [73B5] and 
(C 2 H 5 NH 3 ) 2 CuBr 4 [81S5] with spin canting due to H D also weak ferromagnets. 


9.12.3.1.8 Antiferromagnetic Cu-Compounds 

In Sect. 3.1.6, it was already mentioned that more field-induced magnetic phase transitions [64A, 68F3] 
can be observed in antiferromagnetic Cu-compounds which will be discussed in more detail in this 
section. In contrast to the Mn-compounds like K 2 MnF 4 and Rb 2 MnCl 4 with antiferromagnetic intralayer 
exchange (/<0 in Eq. 3.2), the isotropic intralayer interaction is ferromagnetic (./> 0 in Eq. 3.2) in the 
Cu-compounds due to the collective Jahn-Teller effect and orbital ordering as discussed in Sects. 2.1.3 
and 3.2.1. But the weak isotropic interlayer exchange is antiferromagnetic (/ < 0 in Eq. 3.2) in some Cu- 
compounds. They are actually a system of ferromagnetic layers with a weak antiferromagnetic coupling 
[72B5, 72J3, 72J4, 73B5] and order antiferromagnetically below T N . (C 2 H 5 NH 3 ) 2 CuC 1 4 (T N = 10.3 K) is 
an example of such compounds. Its magnetic (H 0 , T) phase diagram as obtained by magnetic 
measurements [72J3, 7214] is presented in Fig. 3.23. In principle, the phase diagram is similar to that of 
Rb 2 MnCl 4 in Fig. 3.18. The great difference between Figs. 3.18 and 3.23 is that the latter for the Cu- 
compound shows not only the spin-flop transition but also the transition to the PM-phase at critical fields 
depending on the direction of H 0 with respect to the crystalline axes. (C 2 H 5 NH 3 ) 2 CuC 1 4 has the 
orthorhombic structure Pbca below room temperature (cf. Table 2). The easy axis is the a-axis and both, 
the transitions to the SF-phase and to the PM-phase, are observed with H 0 parallel to it. The 
corresponding critical fields are 

f°r H 0 || a H sf = (2 H' e H a -H 2 a ) 112 H* pm =2H' e -H a (3.57) 
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where // SF is completely analogous to Eq. 3.39. The b-axis is the medium axis, i.e. the next preferred axis, 
and the critical field for the transition to the PM-phase is 

for H 0 \\b Hp M =2H' E +H A (3.58) 

Finally, the c-axis is the hard axis and the critical field for the transition to the PM-phase is in this case 

for // 0 ||c H c PM =(gJg c )(2H' E +H A ) (3.59) 

where the factor (g a /g c ) accounts for the anisotropy of the g-factor. In Eqs. 3.57-3.59, //[. , H A and H A 
are the interlayer exchange, the out-of-plane and the in-plane anisotropy fields, resp., which are defined in 
Eq. 3.96 in Sect. 3.2.3 on the basis of the Hamiltonian for the Cu-compounds (Eq. 3.69 in Sect. 3.2.1) 
including the anisotropic exchange terms with J A and J A . The above critical fields are derived from the 
energy density u for antiferromagnetic Cu-compounds (Eq. 3.99 in Sect. 3.2.3 with +H' E and H D = 0) by 
classical spin-wave theory where the anisotropy of the g-factor is removed by using an isotropic g = g a 
which is advantageous for compounds like (C 2 H 5 NH 3 ) 2 CuC 1 4 with g a = gb ^ g c (cf. Sect. 3.2.3 in context 
with Eq. 3.96). If not a is the easy axis but b and c still the hard axis, a and b have to be interchanged, i.e. 

Eq. 3.57 for H 0 \\b (/Y SF , // FM ) and Eq. 3.58 for H (l || a (//p M ). For any other configuration of easy, 
medium and hard axis, the crystallographic directions have to be interchanged correspondingly in Eqs. 
3.57-3.59. 

The numerical values of H e , H A and H A are compiled for (C 2 H 5 NH 3 ) 2 CuCl 4 in Table 5 among 
those of other compounds. In contrast to antiferromagnets like K 2 M 11 F 4 and Rb 2 MnCl 4 with H E » H a , 
H a , the values of H E and H A are of the same order or magnitude for Cu-compounds like Rb 2 CuCl 4 and 
(C 2 H 5 NH 3 ) 2 CuC 1 4 while H A is somewhat smaller. This is also evident from Fig. 3.23 where the lines of 
the transition to the PM-phase are relatively close to each other for H n || a and H () || b but that for H 0 \\c 
occurs at higher fields due to the larger value of H A . The critical fields Eqs. 3.57-3.59 have successfully 
been applied to the analysis of the experimental data of Rb 2 CuCl 4 , Rb 2 CuCl 3 Br and Rb 2 CuCl 2 Br 2 
[74W3]. This approach is however not quite correct for (C 2 H 5 NH 3 ) 2 CuC1 4 which is a covert weak 
ferromagnet [73B5]. That means this compound is for H 0 = 0 a collinear antiferromagnet but shows spin 
canting for H 0 ^ 0. This canting is caused by the special intralayer anisotropic exchange term in Eq. 3.99 
with H d ^ 0 (cf. also Sect. 3.1.6). For H 0 || a and H 0 || b, the canting is rather small and has often been 
neglected. But for H n || c, the influence of H D is more important. For both, H n || h and H 0 \\c, the spins are 
rotated from the easy axis (a-axis) to the bc-plane with increasing H 0 . The field at which this rotation is 

finished characterizes the transition to a canted phase. These critical fields are denoted H EE and // F;F . 
The expression for H 0 || c is [73B5] 

#CF = (ga / gc) [(2 #e + H a ) H a -HI]Nh\+hI (3.60) 

which reduces to H p M in Eq. 3.59 for H D = 0. In the canted phase (//„ > // C c F ). the spins are canted, i.e. 
there are considerable components along the b-axis, in addition to the partial alignment parallel to H 0 || c. 
For H 0 » Hq p , the canting is considerably reduced but there is no transition to a PM-phase without 
canting at finite fields H 0 which is discussed in more detail in Sect. 3.2.3 below. 

(C 2 H 5 NH 3 ) 2 CuC1 4 has further been studied by magnetic resonance in its various phases including the 
PM-phase [76T2, 78R1, 80Y2, 81C2, 84V1, 88 J1 ]. The corresponding expressions for V AFMR are 
compiled for H 0 || a and H 0 jj b in [76T2] with H D ~ 0 neglecting the influence of spin canting which is 
small in these cases. Vasyukov et al. [84V1] have studied also the effect of the spin canting on V AFMR , e.g. 
in the SF-phase. In the PM-phase, there are two magnetic resonance modes in these antiferromagnets, the 
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one with the smaller resonance field H res fm is the FMR-mode and the other with the larger resonance 
field F^ r es,afm and the smaller intensity is the AFMR-mode. The difference in the resonance fields is 
H lesim - ^rcs.aim = 2//[ . Both modes have been observed in magnetic resonance experiments [78R1, 
80Y2]. Especially in the PM-phase, the alignment of the spins parallel to the external field causes a 
macroscopic magnetization in (CjERNH^^CuCLi and other antiferromagnetic Cu-compounds. Therefore 
demagnetization corrections have to be applied (cf. Eq. 3.92 and [78R1]) and the internal field // )nl to be 
considered instead of the applied field H 0 . These procedures will be discussed in more detail in Sect. 3.2 
in context with ferromagnets and ferromagnetic resonance. 


9.12.3.1.9 Co-Compounds (2D Ising Model) 

Among the quasi-two-dimensional antiferromagnets with perovskite-type layer structure, the Co¬ 
compounds K 2 CoF 4 and Rb 2 CoF 4 are of particular interest because they are the best known realizations of 
the 2D Ising model for which exact solutions are available [440, 52Y, 67F1, 90H, 90N] in contrast to the 
Heisenberg model. The ground state of the free Co 2+ -ions is 4 F (L = 3, S = 4) and the first excited state 4 P 

(L=l,S= -|). The cubic crystalline field (cf. Eq. 3.33) splits the 4 F-state into a a 4 T 4 and a 4 T 5 
state where 4 1 ' 4 (O h ) is lowest [79G5, 810]. The 4 P-state becomes in O h symmetry another 4 T 4 (O h ) 
state which interacts with the 4 T 4 ground state which is split by the tetragonal crystal field into 
4 r 2 (D 4h ) and 4 T 5 (D 4h ), a singlet and a doublet (group theoretical compatibility tables: see [63K1]). 
With inclusion of the spin-orbit coupling the 4 T 4 (O h ) ground state is finally split into 6 Kramers 
doublets, three of symmetry Tg (D 4h ) and three T 2 (D 4h ). The energetically lowest is a Tg state. These 

Kramers doublets cannot be split by an electric crystalline field but only by magnetic fields. And in the 
antiferromagnetically ordered state, such a splitting is effected by the molecular or exchange field. The 

energy levels of the Co 2+ -ion resulting from the splitting of the 4 T 4 (O h ) ground state are shown in Fig. 
3.24. They have been determined by Raman spectroscopy on K 2 CoF 4 in the range 200-1400 cm ' 1 
[79G5], The observed optical transitions from the ground state to the 11 excited states, i.e. the exciton 
lines, are the basis for deriving the energy level scheme. By the magnetic field, the symmetry is reduced 

from D 4h to C 4h , and the symmetry types of the split components are Tg (C 4h ) and Tg (C 4h ) from a 

Tg (D 4h ) Kramers doublet, while they are T 7 (C 4h ) and Tg (C 4h ) from a T 7 (D 4h ) Kramers doublet. The 
model calculations yielding the level scheme in Fig. 3.24 include not only the tetragonal crystal field and 
the spin-orbit coupling but also a molecular field H M¥ which can be written for the ground state as [79G5, 
82S2] 


g c [i B H MF = 2z(S z ) 0 \J\ (3.61) 

In Eq. 3.61, z is again the number of nearest neighbours, (,S' Z ) ( > is the mean value or expectation value of S, 
in the ground state and J the exchange constant in the isotropic Heisenberg model (cf. first term in Eqs. 
3.2, 3.30, 3.34, and 3.40). The splitting of the doublets by H MP is also presented in Fig. 3.24 together with 
the corresponding group theoretical labels for the energy levels. The model includes further propagating 
excitons with hco = /(</). As noted before, the observed optical transitions refer to q = 0. The model does 
not explain all details of the experimental results but it allows a good insight to the energy levels of Co 2+ 
in compounds like K 2 CoF 4 and Rb 2 CoF 4 which are responsible for the special magnetic properties of 

these compounds [810]. The lowest exciton in Fig. 3.24 corresponding to the Tg(D 4h ) ground Kramers 
doublet are the usual magnons. The dispersion is relatively small compared to Mn-compounds (cf. Figs. 
3.1, 3.2, and 3.11) indicating a large anisotropy in K 2 CoF 4 . Since the Kramers doublets behave as spin 4 
states, a single-ion anisotropy cannot exist for Co 2+ as discussed in Sect. 3.1.5 for Fe 2+ (Eqs. 3.34, 3.35) 
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and in Sect. 3.1.6 for Mn 2+ (Eq. 3.40). The anisotropy can only be expressed as anisotropic exchange for 
spin j systems. Therefore, the magnons are described for the Co-compounds in terms of an effective 

spin j Hamiltonian as follows [69B1, 7812, 79G5, 79M1, 90H] 

7f = -2^ [J || S i , z S j>z +7 1 (S u S j>x +S ity S jiy )] (3.62) 

<ij> 


with S i z , S ] z = + 4-. The subscripts x, y, and z refer again to the magnetic unit cell (cf. Figs. 2.1 and 2.2 in 
Sect. 2.1.2). The ratio of the exchange constants in Eq. 3.62 is always Jj_/Jn<l (cf. Table 5). The 
Hamiltonian Eq. 3.62 belongs to a strongly anisotropic S= j Heisenberg model, in the literature also 

called XXZ-model [88K3, 89N2]. In the extreme cases J± = 0 and J« = 0, it includes the Ising model and 
the XY-model, respectively. The application of linear spin-wave theory to Eq. 3.62 in the way outlined in 
Eqs. 3.2-3.6 results in the magnons or spin waves with an energy 

tuo q = z y-(J L y q ) 2 (3.63) 

where z and y q have the same meaning as in Eq. 3.6. The usual factor 2 S (cf. Eqs. 3.6, 3.14, 3.31, and 
3.36) has been omitted here because of S= 4-. The magnon dispersion Pico q has been measured for 

Rb 2 CoF 4 by neutron inelastic scattering (see Fig. 3.25) which exhibits a relatively small difference 
between Pico at q = 0 and Pico at the zone boundary. Fig. 3.25 shows further that the magnons are still 
observed at temperatures close to T N with an extremely small temperature renormalization. The AFMR 
frequency tor q = 0 is 

^ v afmr = z yj(J\\Y ~ (J±) 2 (3.64) 

For K 2 CoF 4 and Rb 2 CoF 4 , V AFMR is near 200 cm" 1 and can be observed only by 1-magnon Raman 
scattering and not by infrared spectroscopy because of the strong absorption due to infrared-active 
phonons in this range [76B2, 82S3, 83R1]. For comparison of the exchange interaction and the anisotropy 
in Co-compounds (Eq. 3.62) with the more weakly anisotropic Mn-, Fe- and Ni-compounds (Eqs. 3.2, 
3.35 and 3.40), a conversion may be used [69B1, 72J2] from J« to J of the isotropic Heisenberg model 
according to 

-2 J Y J S x S i 

<i,j> 


(cf. Eqs. 3.2, 3.8, 3.30, 3.35 and 3.40) by means of 


J=J\\l{2{S z ) 0 f (3.65a) 

with (S z ) o defined in Eq. 3.61. For the anisotropy, a similar conversion is from J J J to h A = H A /H E by 
means of 

/i A = (l J./J) (3.65b) 

These relations (Eqs. 3.65a and 3.65b) are referred to and used in some reviews and in Table 5. If in Eq. 
3.62 J ± were equal to zero, PiCO q would be independent of q. Then ‘K (Eq. 3.62) would be that of a pure 

2D Ising model and Pico would be the Ising excitation energy. But Fig. 3.25 clearly shows that we cannot 
omit the transverse spin components for the excitations of this system since the dispersion due to J\ is 
small but not negligible. However, as already mentioned, K 2 CoF 4 and Rb 2 CoF 4 are the best realizations 
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of the 2D Ising model found among magnetic systems. A better proof for this statement is the sublattice 
magnetization as determined by neutron diffraction [7412] and by 19 F r NMR [85D2]. The results for 
^subi(^) ~ (^Brag g ) 1/2 obtained by neutron scattering [7412] are compared in Fig. 3.26 to the exact results 
for the 2D Ising model [52 Y, 67F1, 90H, 90N] 


M subl (7)/M subl (0) = [1 - sinh^ | /* B 7)] 1/8 (3.66) 

and the agreement between experiment and theory is perfect over the whole temperature range from T = 0 
to T= T n . Since there is no such exact solution for the Fleisenberg model, approximations have to be used 
for the Mn-, Ni-, Fe-compounds etc. by means of which an agreement can be achieved only over a limited 
temperature range. For example, the reduced sublattice magnetization of K 2 FeF 4 presented in Fig. 3.15 
agrees with the results of normalized spin-wave theory only up to T ~ 0.75 T N and a power law 
dependence is used for temperatures nearer to T N . In the exact solution for the Co-compounds (Eq. 3.66), 
M sub ,(7yA7 su bi(0) vanishes for k E T) = 1. This relation defines the critical temperature in the 2D 

Ising model [440, 67F1, 90N]. Thus the ratio of Jy and £ B r N is 

J|, /k B T N = Arsinh 1 = In (V2 +1) = 0.8814 (3.67) 

For Rb 2 CoF 4 , J and 7\ have been determined independently [7812]. If the value of 7\ is inserted to Eq. 
3.67, the resulting value for J agrees with the experimental one within a few percent. A difference show 
the susceptibilities %« and X± of the Co-compounds in comparison to the other compounds, X and Xi are 
different not only for temperatures below 7\ but also for temperatures above T N (cf. Table 5). Further, the 
experimental data [69B1] may also be compared with the results for the 2D Ising model using the 
following ratios 

X\\,rraJ X\\(Tli) = 1-552 7||,max/^N = 1-5371 

XL, m JxATn) = 1-040629 T L , m JT n = 1.08872 (3.68) 

Zl,max(7’N)/^l(0) = L136951 

In Eq. 3.68, X \\, max and Z±,max are the maximum values of X\\ and Xi and T %mm and T lm „ are the 
temperatures at which the maxima occur. The ratios in Eq. 3.68 have been calculated by means of the 
exact solutions for the 2D Ising model [63F3, 67F1]. The values of the corresponding experimental data 
are close to the theoretical ones [69B1]. In addition to the exact results presented above, low- and high- 
temperature series expansions have also been developed for the 2D Ising model which have also 
contributed to our understanding and to our confidence in such series expansions. Details in this respect 
are found in the reviews of Temperley [72T2], Domb [74D1] and Navarro [90N]. For example, the 
agreement of the results of h.t.s. with the exact data has proved the reliability of the h.t.s. method. More 
about the Co-compounds and their relation to the 2D Ising model will be discussed in context with the 
critical properties in Sect. 4.1.2. 


9.12.3.2 Ferromagnets 
9.12.3.2.1 Cu-Compounds 

Most perovskite-type layer structures exhibit antiferromagnetic ordering within the layers below the 
critical temperature, and only a few compounds show ferromagnetic order. Such intralayer 
ferromagnetism occurs in Cu- and Cr-compounds as a consequence of a collective Jahn-Teller effect and 
orbital ordering as discussed in Sect. 2.1.3. Although all Cu-compounds of the halide perovskite layer 
type show this ferromagnetic order in the layer, their overall magnetic order depends on the interlayer 
interaction which may be ferro- or antiferromagnetic (see Fig. 3.27) so that some compounds, e.g. 
K 2 CuF 4 and (CH 3 NH 3 ) 2 CuC 1 4 , are ferromagnets and some others like Rb 2 CuCl 4 and (C 2 H 5 NH 3 ) 2 CuC1 4 
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of the 2D Ising model found among magnetic systems. A better proof for this statement is the sublattice 
magnetization as determined by neutron diffraction [7412] and by 19 F r NMR [85D2]. The results for 
^subi(^) ~ (^Brag g ) 1/2 obtained by neutron scattering [7412] are compared in Fig. 3.26 to the exact results 
for the 2D Ising model [52 Y, 67F1, 90H, 90N] 


M subl (7)/M subl (0) = [1 - sinh^ | /* B 7)] 1/8 (3.66) 

and the agreement between experiment and theory is perfect over the whole temperature range from T = 0 
to T= T n . Since there is no such exact solution for the Fleisenberg model, approximations have to be used 
for the Mn-, Ni-, Fe-compounds etc. by means of which an agreement can be achieved only over a limited 
temperature range. For example, the reduced sublattice magnetization of K 2 FeF 4 presented in Fig. 3.15 
agrees with the results of normalized spin-wave theory only up to T ~ 0.75 T N and a power law 
dependence is used for temperatures nearer to T N . In the exact solution for the Co-compounds (Eq. 3.66), 
M sub ,(7yA7 su bi(0) vanishes for k E T) = 1. This relation defines the critical temperature in the 2D 

Ising model [440, 67F1, 90N]. Thus the ratio of Jy and £ B r N is 

J|, /k B T N = Arsinh 1 = In (V2 +1) = 0.8814 (3.67) 

For Rb 2 CoF 4 , J and 7\ have been determined independently [7812]. If the value of 7\ is inserted to Eq. 
3.67, the resulting value for J agrees with the experimental one within a few percent. A difference show 
the susceptibilities %« and X± of the Co-compounds in comparison to the other compounds, X and Xi are 
different not only for temperatures below 7\ but also for temperatures above T N (cf. Table 5). Further, the 
experimental data [69B1] may also be compared with the results for the 2D Ising model using the 
following ratios 

X\\,rraJ X\\(Tli) = 1-552 7||,max/^N = 1-5371 

XL, m JxATn) = 1-040629 T L , m JT n = 1.08872 (3.68) 

Zl,max(7’N)/^l(0) = L136951 

In Eq. 3.68, X \\, max and Z±,max are the maximum values of X\\ and Xi and T %mm and T lm „ are the 
temperatures at which the maxima occur. The ratios in Eq. 3.68 have been calculated by means of the 
exact solutions for the 2D Ising model [63F3, 67F1]. The values of the corresponding experimental data 
are close to the theoretical ones [69B1]. In addition to the exact results presented above, low- and high- 
temperature series expansions have also been developed for the 2D Ising model which have also 
contributed to our understanding and to our confidence in such series expansions. Details in this respect 
are found in the reviews of Temperley [72T2], Domb [74D1] and Navarro [90N]. For example, the 
agreement of the results of h.t.s. with the exact data has proved the reliability of the h.t.s. method. More 
about the Co-compounds and their relation to the 2D Ising model will be discussed in context with the 
critical properties in Sect. 4.1.2. 


9.12.3.2 Ferromagnets 
9.12.3.2.1 Cu-Compounds 

Most perovskite-type layer structures exhibit antiferromagnetic ordering within the layers below the 
critical temperature, and only a few compounds show ferromagnetic order. Such intralayer 
ferromagnetism occurs in Cu- and Cr-compounds as a consequence of a collective Jahn-Teller effect and 
orbital ordering as discussed in Sect. 2.1.3. Although all Cu-compounds of the halide perovskite layer 
type show this ferromagnetic order in the layer, their overall magnetic order depends on the interlayer 
interaction which may be ferro- or antiferromagnetic (see Fig. 3.27) so that some compounds, e.g. 
K 2 CuF 4 and (CH 3 NH 3 ) 2 CuC 1 4 , are ferromagnets and some others like Rb 2 CuCl 4 and (C 2 H 5 NH 3 ) 2 CuC1 4 
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are antiferromagnets. Because of the strong ferromagnetic intralayer exchange, the weaker interlayer 
interaction determines the magnetic porperties of these compounds. And the interaction with adjacent 
layers is stronger in this case since it does not cancel as it does in compounds with antiferromagnetic 
intralayer coupling, e.g. in Mn-compounds (cf. Fig. 2.2 and discussion in Sect. 2.1.2) where the spins of 
four nearest neighbours in adjacent layers are oriented antiparallel to those of the other four neighbours so 
that this interaction cancels in ideal tetragonal symmetry. For ferromagnetic intralayer exchange, on the 
other hand, the spins of all 8 nearest neighbours in adjacent planes are oriented parallel to each other (cf. 
Fig. 3.27) and their influence adds up to a perceptible interlayer interaction for both, ferro- and 
antiferromagnetic interlayer coupling (Fig. 3.27 a and b) which determines the type of magnetic order in 
these compounds. 

Let us first concentrate on the details of Cu-compounds and later turn to Cr-compounds. One of the 
most investigated and therefore best known Cu-compounds is K 2 CuF 4 . Its collective Jahn-Teller effect 
and orbital ordering has not only been verified by means of various structure determinations [74H 1 , 
79H1, 81H1, 81R1, 83H1 ] but also been observed by diffraction with polarized neutrons [7611]. The 
tetragonal deformation of the octahedra has further been confirmed by EPR measurements and ligand 
field spectroscopy [74F1] and by NMR studies [71Y2, 75D1, 75G4, 81F1], particularly that the octahedra 
are elongated and not compressed along the x (r or v 0 -axis. Moreover, the spin densities on antibonding 
orbitals obtained by neutron scattering investigations are definitely not consistent with the K 2 NiF 4 
structure 14/mmm [73H2, 74FI4]. As already mentioned in Sect. 3.1.1. for Mir + etc., the superexchange in 
K 2 CuF 4 and other Cu-compounds results from the electronic structure of these compounds and theoretical 
studies yield, as expected, ferromagnetic coupling for the intralayer exchange of Jahn-Teller distorted 
K 2 CuF 4 which is due to the exchange coupling of ground- and excited-state orbitals of Cu 2+ [58G, 59A, 
59K, 63A]. In addition, also the Jahn-Teller effect has been dealt with in a number of theoretical papers 
[83N3, 83R2, 83S6] and in reviews by Reinen and Friebel [79R1] and by Kugel and Khomski [82K1]. 
Especially emphasized is its relation to properties like the optical spectra [86S3] and the effect of fibronic 
coupling on EPR spectra [86R3]. One result of these theoretical considerations is that the 
antiferrodistortive orbital order with doubling of the unit cell in the basal plane as it is realized in K 2 CuF 4 
(see upper part of Fig. 3.28) and other Cu-compounds will lead to the ferromagnetic interaction within the 
layers [73K1, 79K2, 9611]. However, if the orbital order is ferrodistortive (see lower part of Fig. 3.28) as 
this is the case for La 2 Cu0 4 [77G5] the resulting intralayer exchange interaction is antiferromagnetic. 
Quite recently, the magnetic susceptibility of K 2 CuF 4 has been studied under high pressures up to 13 GPa 
[9611, 981]. The interesting result is that at pressures larger than p c ~ 9.5 GPa K 2 CuF 4 becomes 
antiferromagnetic instead of ferromagnetic [9611]. This pressure-induced magnetic phase transition is 
accompanied by a transition to a high pressure phase with the structure Ammm [981]. The change in the 
magnetic properties is explained as resulting from a ferrodistortive orbital order similar to that shown for 
La 2 Cu0 4 in Fig. 3.28. Thus these results of high pressure experiments on K 2 CuF 4 are a contribution to a 
better understanding of the exchange interaction in Cu-compounds. 

The monoammonium Cu-compounds (C n H 2n+1 NH 3 ) 2 CuX 4 with X = Cl, Br have attracted much 
attention in the early days of research on perovskite-type layer structures. And the values of parameters 
like J, J (H' e ), H a and H A have been compiled in a number of reviews with tables [74M2, 75Y, 76B5, 
76J1, 77B3]. Some of these data are not identical with the entries to Table 5 which are the most recent 
ones. The ferro- or antiferromagnetic interlayer interaction in these compounds has also been the subject 
of theoretical studies. And it has been shown for K 2 CuF 4 that the ferromagnetic interlayer coupling is 
caused by interference effects between inequivalent hopping paths [95F2]. The diammonium Cu- 
compounds [NH 3 (CH 2 ) n NH 3 ]CuX 4 especially with respect to the interlayer coupling have different 
properties as documented in a number of papers with tables for comparison of the numerical values 
[79K8, 81S6, 84R6, 88H1, 94S3]. For our further discussion, we will reproduce here a survey of the 
intralayer and interlayer exchange constants of mono- and diammonium Cu-compounds from Table 5: 
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(C 2 H 5 NH 3 ) 2 CuC1 4 

(C 5 H n NH3) 2 CuCl4 

(C 2 H 5 NH 3 ) 2 CuBr 4 

[NH 3 (CH 2 ) 2 NH 3 ]CuC1 4 

[NH 3 (CH 2 ) 5 NH 3 ]CuC1 4 

[NH 3 (CH 2 ) 2 NH 3 ]CuBr 4 


J= 18.6 K f = -14.3 mK 

J= 15.9 K f = -0.27 mK 

J= 19.0 K / = -33mK 

J = 23.0 K / = -13.7K 

J= 14.1 K / = -0.04 K 

J= 38.2 K J = -68.4 K 


All these compounds are antiferromagnets. The intralayer exchange constant J is very similar for mono- 
and diammonium compounds. It does further not vary much with chain length or with replacing Cl by 
Br . The interlayer exchange constant./ is considerably smaller than J (3-4 orders of magnitude) for the 
monoammonium compounds as experienced also for K 2 CuF 4 and many other perovskite-type layer 
structures. But for the diammonium compounds with n = 2, J is of the same order of magnitude as J. And 
we note that the compounds with J' ~ J are no longer quasi-2D magnets but ordinary 3D magnets with a 
tendency towards ID magnetic behaviour for J>J. For mono- and diammonium compounds, J 
decreases with increasing chain length. For understanding this difference between mono- and 
diammonium compounds, it is necessary to recall from Sect. 2.1.4, especially from Figs. 2.13 and 2.14, 
the eclipsed structures of the diammonium compounds in contrast to the staggered structures of the 
monoammonium compounds. In the eclipsed structures, the interlayer exchange turns out to be a strong 
superexchange interaction through a two-halide bridge (Cu 2+ - X - X” - Cu 2+ ). Naively, one would 
expect this to lead to a smaller exchange coupling than a one-halide bridge (Cu 2+ - X - Cu 2+ ). By means 
of a Rayleigh-Schrodinger type of exchange perturbation theory (method of Jansen et al. [67J, 79K10], cf. 
Sect. 3.1.1) with two cations and two anions [78K9] the interlayer exchange constant J has been 
calculated for a number of diammonium Cu-compounds [82B4, 84S5]. These theoretical results show 
rather large values for J in agreement with the experimental data (see above). Further, an empirical 
relation shows that J depends strongly on the distance <7 X -x between the two halides as [94S3] 


/ ~ (d x _ x )~ a with a = 10.9(2) for X = Cl and a = 6.8(2) for X = Br 


while J depends on the Cu-X distance n P in the layer (see Sect. 2.1.1 and Table 3) 

Ferro- and antiferromagnetic Cu-compounds have many properties in common and it is useful to 
discuss both types together in this section, e.g. the dominant ferromagnetic intralayer exchange due to the 
collective orbital ordering. One advantage of this proceeding is that the spin-wave calculations are very 
similar for both types of Cu-compounds. Some particular properties of antiferromagnetic Cu-compounds 
like (C 2 H 5 NH 3 ) 2 CuCl 4 were already presented in Sect. 3.1.8 in context with field-induced phase 
transitions in antiferromagnets. At least in the monoammonium compounds, the paramagnetic phase is 
easily accessable with moderate fields because of the small antiferromagnetic exchange field //[. . For the 

ferromagnet K 2 CuF 4 with //[ smaller than the in-plane anisotropy field H A , we expect easy-plane or 
XY-like behaviour. For compounds with longer hydrocarbon chains, H' e may become even smaller than 
H a so that easy-axis or Ising-like behaviour may be expected. These critical properties will be discussed 
in detail in Sects. 4.1.7-4.1.9. 

After these more general remarks, we will now enter into the spin-wave calculations for Cu- 
compounds. The electronic ground state of a free Cu 2+ -ion is 2 D (L = 2, ,S = T ) according to Hund’s rules. 

This is split by the cubic crystalline field of the ligands into a lower 2 T 3 doublet and a higher 2 f 3 triplet 

state. The doubly degenerate “T 3 state gives rise to the Jahn-Teller effect which lowers the symmetry 

and lifts the degeneracy. Finally, we end up with the Cu 2+ -ion i n a S = T state so that no single-ion 

anisotropy is possible in the same way as for Co 2+ (cf. Sect. 3.1.9) and all anisotropy will originate only 
from anisotropic exchange and from magnetic dipolar interactions. In the spin-Hamiltonian for the Cu- 
compounds, only the anisotropic exchange is therefore included as the source of anisotropy: 
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j£ = -2J^S i S j +2J A £ S i>s 
(i,j> <ij> 


S jiZ +2 J p 


I 

<ij> 


Si,ySj,y 


'2>/ ^ *S'i*S'k _ SahB^Ox 

<i,k> 


(3.69) 


where J> 0 describes the ferromagnetic intralayer exchange, J A and J A denote the out-of-plane and the 

in-plane anisotropic exchange and J' as before (cf. Eq. 3.2 in Sect. 3.1.2) the interlayer exchange. The last 
term in Eq. 3.69 is the Zeeman term with the external magnetic field H 0x and corresponding g-factor g a . 
Here, the x-direction is assumed to be the direction of the spontaneous magnetization M. The anisotropic 
exchange interaction can be estimated from the anisotropy of the g-factor [72Y2, 89D2] 

>4=[(ga-gc)/gc] 2 >/ (3.70) 

where g c is the g- factor for H 0 || c. The anisotropic magnetic dipolar interaction is not treated separately in 
Eq. 3.69 but the anisotropic exchange terms may comprise it [76T1]. For K 2 CuF 4 , mostly the example for 
demonstrating the properties of Cu-compounds, the in-plane anisotropy field is extremely small. It was 
found in NMR experiments that it is smaller than 10 -5 T even at T= 30 mK [83F1, 83F2]. On the other 
hand, FMR experiments on K 2 CuF 4 and K 2 Cu 0 95 Zn 0 05 F 4 [89A2] revealed a small but definitely 
perceptable angular dependence of // rcs and A H FMR in the basal plane [/}= Z (// n , a-axis), cf. Eq. 3.43 in 
Sect. 3.1.6]. In particular, // rcs (/3) and A/Y FV1R (/3) clearly reflect the four-fold crystal symmetry indicating 
an in-plane anisotropy field H A of tetragonal symmetry as introduced in Eq. 3.41 (Sect. 3.1.6) for 
Rb 2 MnCl 4 and not an anisotropy field H A ~ J A of orthorhombic symmetry. Moreover, the spin-wave 
linewidths obtained in parallel pumping experiments [78Y1, 81Y] show also this four-fold symmetry, and 
from these results, a value H A = 5 • 10~ 4 T has been deduced for T —» 0 and H A —> 0 for T ~ 4 K [8 1 Y]. 
A spin-wave gap observed in FMR experiments [89D2] seems also to support H A ^ 0. But this problem 
is still somewhat controversial for K 2 CuF 4 . For other Cu-compounds, an orthorhombic in-plane 
anisotropy J A (H A ) has been determined in accordance with the crystal structures. Its value is mostly 
larger than the interplane exchange constant J . This in-plane anisotropy then determines a preferred spin 
direction in the basal plane. For our further considerations about K 2 CuF 4 , we will assume H A = 0 and 
H A ~ 0 and thus no preferred direction for this compound in the basal plane. 

For K 2 CuF 4 and other Cu-compounds, Tsuru and Uryu [76T1, 77U, 77T3] have developed a 
renormalized spin-wave theory as it was outlined already in Sect. 3.1.2 (cf. Eqs. 3.2-3.5). This requires 
that the direction of spin orientation is made the z-axis, the axis of quantization. In Eq. 3.69, we have used 
our usual coordinate system with the unique z-axis perpendicular to the layers. But before applying the 
Holstein-Primakoff transform (Eq. 3.3) it is necessary to introduce a new coordinate system (£, q. £) 
which is related to the (x, y, z) system by and z q which will be used only for the spin- 

wave theory and the results will be transferred back to the (x,y, z) system. In the linear spin-wave 
approximation, the magnon energy can be calculated as function of q and be compared with the results of 
inelastic neutron scattering obtained at low temperatures where the temperature renormalization of the 
magnon energies can be neglected. The complete spin-wave dispersion relation is [76T1, 77T3] 

hco q = 2zSJ {[(1 -7 q ) + /ie (1 -/'„) + h A y q + h 0x \ [0-r q ) + ^ (1-/, ) + h A y q + h 0x ]} l/2 (3.71) 

where the reduced parameters are defined as 

/i£ zJ / zj , h A J A / T, h A J A / T, /zq x — gah-B-^Ox /(2 zSJ') 

with z = 4, z = 8 and S = The values of the exchange constants are listed for various compounds in 
Table 5. Eq. 3.71 follows closely the notation of Tsuru and Uryu but it should be noted that, for practical 
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applications, the demagnetization effects in a ferromagnet with M + 0 have to be taken care of and H 0x to 
be replaced by the internal field // intx = H 0x - N X M acting on the spins [76Y3], in reduced form 
h mlx = gadB^int.x / (2zSJ). The ^-dependent parameters y q and y' are defined in the usual way. The 

expressions for y q and y q depend on the coordinate system in reciprocal space and for the ferromagnetic 

Cu-compounds it is advisable to use an I4/mmm pseudo cell with one magnetic ion in the primitive unit 
cell disregarding the actual crystal structure since y q and y q depend only on the positions of the Cu 2+ -ions 

and not on the deformations of the halide octahedra due to the collective Jahn-Teller effect. Fig. 3.29 
shows a section through the Brillouin zone and the neighbouring zones for I4/mmm in the plane q z = 0 
(broken lines in Fig. 3.29). As long as the spin waves do not depend on q z , we can use as a 2D 
approximation the Brillouin zone of the corresponding square lattice (full lines in Fig. 3.29). For 
comparison, also a section is shown through the Brillouin zone of Acam with two magnetic ions per unit 
cell and that of the corresponding square lattice (dotted and dash-dot lines in Fig. 3.29, resp.). The latter is 
appropriate for antiferromagnets discussed in Sect. 2.1.2. The differences between the contours of the 
Brillouin zones of the 3D structures and of those of the square lattices arise from the centering of the 3D 
structures, see for example Fig. 2.31 with the Brillouin zone for 14/mmm. While the (q. f , q y , q z ) system is 
employed for the antiferromagnets with two magnetic ions per primitive unit, we will use for 
ferromagnets like K 2 CuF 4 the (c/ x o, q y o, q z o) coordinate system (cf. Fig. 3.29). Thus, the parameters y q and 
y' can be written as 


7 q = j [cos ( q x0 a ) + cos (tf y0 fl)] 



(3.71a) 


where the lattice parameters a and c are those of the 14/mmm pseudo cell. The expression for y' 

indicates that the two-dimensional approximation for the Brillouin zone is only applicable if the magnon 
energies do not depend on q z as it has been confirmed experimentally for antiferromagnetic compounds 
(cf. Figs. 3.1 in Sect. 3.1.2 and 3.14 in Sect. 3.1.5). The discussion of the experimental data for K 2 CuF 4 
will show that y q with q z0 gains influence on ft(t) q only for rather small q x0 and q y0 where the actual 

contour of the Brillouin zone in the plane q z0 = 0 is unimportant. Tsuru and Uryu [77T4] have extended 
their renormalized spin-wave theory to antiferromagnetic Cu-compounds like (C 2 H 5 NH 3 ) 2 CuCl 4 where 
the intraplane coupling of the spins is still ferromagnetic but the smaller interplane coupling 
antiferromagnetic. This theory is more complicated because of the two sublattices in an antiferromagnet 
and because of several phases to be treated, e.g. antiferromagnetic and spin-flop phases. 

The magnon dispersion has been determined for K 2 CuF 4 in the (1, 0, 0) and (1, 1, 0) directions [76F, 

83H4]. The results for the (1, 0, 0) direction are reproduced in Fig. 3.30. In addition to h A = 0 (J A = 0), 
we have h 0x = 0 since the experiment has been performed without external field (// 0x = 0). In the range 
0.1<£ x0 <0.5 (CxO = <7xo/ fl *) the experimental data in Fig. 3.30 can be described by the following 
approximative form of Eq. 3.71 


hco q = zSJ [1 - cos (<7 x0 a)] = zSJ [1 - cos (2 ji£ x0 )] 


(3.72) 


Similar to the situation in antiferromagnets, these experimental results are primarily used to determine a 
reliable value for J. The values for J A and J are better determined in FMR experiments [74Y1, 76Y2], the 
latter especially by parallel pumping studies. Eq. 3.72 resembles the magnon dispersion of an ideal 2D 
Heisenberg ferromagnet. The approximation used in Eq. 3.72 works so well because J A and J' are small 
enough that they become perceptible in Tux) q only for smaller values of i^ x0 . This will occur in the ranges 

2 zSJ sin 2 (7t£ x0 ) = 2 z'Sf and 2 zSJ sin 2 (jt£ x0 ) = 2 zSJ A cos 2 (7t£ x0 ) where the identity y q = cos 2 (7t£ x0 ) has been 
used. This has been verified experimentally by inelastic neutron scattering for small £ x0 using a cold 
neutron source [78M2, 83H4], The results show a shift to higher energy in the range 0 < C x0 < 0.06 with 
respect to the curve given by Eq. 3.72 (see Fig. 3.31). The upshifted curve is obtained when J A and J are 
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included in the calculation, i.e. using Eq. 3.71 (for K 2 CuF 4 ) with h 0x = 0 and h A = 0 but with h A ^ 0 and 
h ' E *0 


tico q = 2zSJ {[sin 2 (7i£ x o) + h A cos\^ x0 ) + h E .0 - f q )] [sin 2 (7iC x0 ) + h E (l- f q )]} 1/2 (3.73) 

where y' may be approximated by cos(<? z0 c/2) = cos(7t£ z0 ) for such small values of £ x0 (or £ y0 ). With 
h' E =0 which is justified for h' E « sin 2 (7t£ x0 ), Eq. 3.73 represents the magnon dispersion of a 2D XY- 
ferromagnet. But if h' E cannot be neglected fi 0 ) q depends via y' also on q,. That means that we are 

dealing with a 3D XY-ferromagnet. Eq. 3.73 is further the basis for defining £) and £ 2 which are indicated 
in Fig. 3.31 which are the solutions of sin 2 (7t£ x0 ) = h' E and of sin 2 (7t£ x0 ) = h A cos 2 (7t£ x0 ) yielding 

£) = 7T 1 (h' E ) l/2 =0.006 and £> = 7t“ 1 (/i A ) 1/2 = 0.03, respectively. Thus is a rough estimate for the 
crossover from the 3D XY- to the 2D XY-regime. In the 3D XY-range, neither J nor J A can be neglected 
in Eq. 3.73 while in the 2D XY-range J' is negligible but not J A . Finally, £ 2 marks the crossover to the 2D 
Fleisenberg range. With somewhat different definitions of £) and £ 2 the resulting values would be 
different but of the same order of magnitude. The upper curve in Fig. 3.31 has been calculated by means 
of Eq. 3.73 with y' = 0, i.e. an intermediate value has been inserted for q z0 . The results demonstrate that 

the shift of the magnon energy to higher values can be explained for £ xfl > 0.015 with J A ^ 0 alone since 
the effect of J is perceptable only for £ x0 < 0.015 where a shaded area indicates in Fig. 3.31 the influence 
of J on fi(O q for the whole range 0 <q z0 <c*. It should further be noted that a spin-wave gap occurs at 

Cxo = 0 only if q z0 * 0, i.e. h E (l-y' q )±0. 

By means of renormalized spin-wave theory, Tsuru and Uryu [77U] have derived a formula for the 
dependence of the (spontaneous) magnetization M of a two-dimensional Fleisenberg ferromagnet on 
temperature T and external field H 0x applied parallel to M: 


M(H 0x , T) = (N/V)g^ H 


S-0ln 


' 2nQ \ n 1 &2 
h K ) 12 " 


fy)x 

271 


(3.74) 


where 0 = k B T / ( 2nzSJ) 

and h K = \{^h 0x +h A +^h 0x + h A + 2h' E )(V h 0x + h A + V /7 0x + h A + 2 h E ) 

In the derivation of Eq. 3.74, the usual summation of q over the whole (2D) Brillouin zone (cf. Eq. 3.18 in 
Sect. 3.1.3) has been replaced here by an integration. The temperature and magnetic field dependence of 
the reduced magnetization [74K4] M(H 0 , T)/M 0 has been studied by means of 63 Cu- and 19 F-NMR where 
/ NM r ~ M. The results are shown as a function of temperature for various magnetic fields H 0 || a, i.e. 
H 0 || M, in Fig. 3.32. The calculated curves have been obtained with a somewhat different approach of 
spin-wave theory [74K4]. If we were using Eq. 3.74 for this purpose we had to insert the reduced internal 
field h mtx instead of h 0x (cf. the discussion in context with Eq. 3.71). The data in Fig. 3.32 illustrate that 
the external field H a parallel to the magnetization counteracts the decrease of M with increasing 
temperature and that the phase transition to the paramagnetic state with M = 0 above T c is suppressed by 
such a field in a ferromagnet. If, on the other hand, an external field is applied perpendicular to the easy 
plane in K 2 CuF 4 , i.e. H 0 || c. this field is not the conjugate variable to the order parameter and does not 
destroy the phase transition. The magnetization M z || c of K 2 CuF 4 has been measured for various magnetic 
fields fljnt11 c as a function of temperature and the results (see Fig. 3.33) demonstrate that a phase 
transition ferromagnetic to paramagnetic is observed [81F12, 89D2] and T C (H) can be determined by 
means of the condition dM/dT= max. Turning now to the case H 0 = 0, it is worth noting that Eq. 3.74 is 
only meaningful for h K ^ 0, i.e. for h A ^ 0 and h' E ^ 0 or h A ^ 0. Let us consider two special cases, at first 
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a 2D ferromagnet with in-plane ( J A ) and out-of-plane (J A ) anisotropic exchange like (CH 3 NH 3 ) 2 CuC 1 4 
where hp can be neglected and secondly a 2D Heisenberg ferromagnet with h A = 0 and h A = 0. For the 
former, the zero-field magnetization becomes in the lowest order approximation from Eq. 3.74 [77U] for 
H 0 = 0 and H' e ~ 0 


or 


M(T) = (NIV)g.^ B 


S - 6 In 


( s 

K0 




M(T) = M 0 


k B T 

2Ji zS 2 J 


In 


kuT 


2 zS^J A J A 


(3.75) 


(3.75a) 


where M 0 = (MF)g a |a. B 5 is the ideal value of the magnetization. For a 2D Heisenberg ferromagnet where 
only h' E ^ 0 on the other hand, the magnetization for H 0 = 0 is obtained from Eq. 3.74 as follows [76T1, 
90F2] 


M(T) = Mq 


k B T 

2n zS 2 J 


In 


( k B T ) 

(z'SJ'jl 


(3.76) 


For the integration process in deriving Eq. 3.76, the temperature has been assumed to be high enough that 
k B T»J. This condition is not fulfilled for experiments at extremely low temperatures. For example, 
k B T = z'f at T= 0.018 K for K 2 CuF 4 . Then the integration is performed in a different way and yields 


M(T) = M 0 






' k B T f 2 

2nzSJ ) 


(3.77) 


where £(w) is the Riemann’s ^-function. Since for k B T«J’ all three directions in reciprocal space are 
treated the same way, the result Eq. 3.77 is identical to the usual form with a T ’’ 2 temperature dependence 
of the magnetization of a three-dimensional ferromagnet [3 OB] 

M(T)/M( 0) = 1 - C m T V2 (3.78) 

In many applications of Eq. 3.78, the factor C M is used as an adjustable parameter which is determined in 
a fit to the experimental data. The thermal excitation of magnons can be considered the origin of the 
decrease of the magnetization with temperature. But the magnons take not only part on this process but 
also in the relaxation processes in nuclear magnetic resonance. Similar to the situation in 
antiferromagnets, the results of 19 F-NMR in K 2 CuF 4 show that the relaxation rate l/7j is dominated in 
K 2 CuF 4 by three-magnon processes in combination with an anisotropic hyperfine interaction [76D6]. The 
transverse relaxation 1/77 has been measured in K 2 CuF 4 with 19 F-, 63 Cu- and 35 -Cl-NMR by a spin-echo 
method [77K5]. It is considerably decreased by the XY-like anisotropy as can be concluded from the 
good agreement of theoretical calculations with the experimental observations. 

A further application of spin-wave theory for a better description of the magnetic properties of 
ferromagnetic Cu-compounds is the calculation of the contribution of the spin waves to the magnetic 
specific heat C mag n at low temperatures. Here again, the system is considered a 2D Heisenberg 
ferromagnet, i.e. only J 0 and J A = J A = J'= 0. Then, the magnon energy is given in the linear 
approximation by Eq. 3.72. The contribution of each magnon to the magnetic energy L' ma „ n is tid) q ■ n q 
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and to C magn d(ftco q - n q )/dT where « q = [exp (tico /k B T) — l ] 1 (cf. Sect. 3.1.2). Thus the magnetic 
contribution to the specific heat becomes in the low temperature limit [72C1, 77B3] 


C 


magn 


x 


d(fl<Pq -« q ) 
dT 


—» 


C, 


magn 


/R = 


nk B T 
24 SJ 


(3.79) 


In Eq. 3.79, the final result is again obtained by converting the sum over q into an integration. This 
theoretically predicted linear dependence of Cmagn on T agrees in principle with the experimental findings 
at low temperatures [72C1, 77B3] where linear spin-wave theory and non-interacting magnons are 
appropriate. For temperatures somewhat higher, a further term has been added representing a nonlinear 
spin-wave contribution [81T2] so that C mag n becomes 


ttIt T f 

C , mas „/7? = —§- + 0.123 
magn 2ASJ 


v: 

j 


(3.80) 


The significance of the second term has been illustrated for K 2 CuF 4 (T c = 6.25 K) where the first term 
alone reproduces the experimentally determined magnetic specific heat up to about 1.75 K (k B T/J = 0.15) 
and both terms up to about 3.5 K ( k B T/J= 0.31) [81T2]. A linear temperature dependence of Cmagn has 
also been obtained with Green’s function techniques [73Y1] for the S= j 2D Fleisenberg ferromagnet 
on a square lattice with a slightly larger prefactor 


/I? _ 7nk B T 
magn 72 J 


(3.79a) 


Colpa [72C1] has measured the slope of Cmagn at low temperatures for a number of compounds 
(C n H 2n |NH ;) 2 CuX 4 with X = Cl and X = Br and n < 6. When the exchange constant J is known from 
other experiments, we can compare the experimental results to the theoretical predictions in Eq. 3.79 or 
3.79a. It turns out that the experimental results agree generally better with the values resulting from Eq. 
3.79a than with those obtained from Eq. 3.79 which are mostly smaller by about 10% while Eq. 3.79a 
yields only slightly larger values by about 3-4%, on the average. Finally, the Green’s function result (Eq. 
3.79a) agrees better with extrapolated experimental data (cf. Sect. 4.1.7) than Eq. 3.79 [77B3]. 


9.12.3.2.2 Cr-Compounds 

In this section the second class of materials will be presented with collective Jahn-Teller effect, orbital 
ordering and intralayer ferromagnetic exchange coupling, namely Cr-compounds. Most of them have 
ferromagnetic interlayer exchange and are therefore ferromagnets. Many of their properties have been 
described by P. Day and coworkers [86B1, 86D3, 86D4]. Some have been reported to be 
antiferromagnets, e.g. Rb 2 CrBr 4 , (NH 4 ) 2 CrBr 4 [81B5], (C 5 H 5 NH) 2 CrCl 4 [75L8] and also CsCrCl 3 [70L2] 
which does not belong to the perovskite-type layer structures. Among the latter with M = Cr is Rb 2 CrCl 4 
a widely studied and therefore well understood prototype. Its cooperative Jahn-Teller effect and the 
antiferrodistortive order of the elongated CrCl 6 octahedra have already been discussed in Sect. 2.1.3 in 
context with Figs. 2.9 and 2.10. It has been verified by various structure investigations [79D5, 80M2, 
80M3, 83J1, 86B3, 86D1, 86F1] and by 53 Cr-NMR [77D3]. The structure is orthorhombic, and there are 
two crystallographic domains Acam and Bbcm which differ by the arrangement of the elongated 
octahedra in the plane z=\ (cf. Fig. 2.10). In contrast to K 2 CuF 4 [74H1, 79H1 ], the structural studies of 

Rb 2 CrCl 4 have not revealed any indication for an equivalent structure Iikel4c2 [95N2] with a different 
stacking of the layers (cf. Fig. 2.8 in Sect. 2.1.3). The orbital ordering has also been observed in Rb 2 CrCl 4 
by diffraction with polarized neutrons [82M6, 86D1 ]. The theoretical considerations about the 
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ferromagnetic intralayer exchange interaction by Khomski and Kugel [73K1, 82K1] have been extended 
from Cu 2+ to Cr 2+ by Eremin and Kalinenkov [78E]. The cooperative Jahn-Teller effect in Cr 2+ - 
compounds is treated in detail in the review by Reinen and Friebel [79R1]. 

The electronic configuration of Cr 2+ is 3d 4 with a free ion ground state 5 D (L = 2, S = 2). It is split into 

a lower " Tj doublet and a ^5 triplet excited state by the cubic crystalline field of the ligands. These states 
are further split and their degeneracy is lifted by the reduced symmetry due to the elongation of the 
octahedra by the Jahn-Teller effect, so that the actual ground state is a singlet one with 5=2 [79D3, 

86D3], presumably a 5 T[ H state [77F2]. Therefore, we expect for Cr 2+ a single-ion anisotropy which is not 
possible for K 2 CuF 4 with S = \ as discussed in the last section. Neutron diffraction experiments have 

revealed that the magnetic structure of Rb 2 CrCl 4 below T c is a canted ferromagnetic order. This is 
illustrated in Fig. 3.34. The single-ion anisotropy tends to align the spins along the long axis of the 
distorted octahedra in the basal plane. Without the exchange interaction, we would have two sublattices 
denoted a and b in Fig. 3.34 with the spins aligned alternately along the x 0 - and the y 0 -axis. The 
ferromagnetic exchange interaction, on the other hand, tends to align the spins parallel to each other. The 
resulting easy direction of the spins is almost along the x- or y-direction, nearly at 45° to the anisotropy 
easy axes, the x 0 - andy 0 -direction [81F14, 86D3]. In Fig. 3.34, there are also indicated the two coordinate 
systems (x 0 ,yo> z o) and ( x,y,z ) which refer to the parent structure 14/mmm and the orthorhombic 
structures Acam or Bbcm, resp. (cf. Fig. 2.1 in Sect. 2.1.1). The competition between the ferromagnetic 
exchange and the single-ion anisotropy causes a canting of the spins in the two sublattices. The canting 
angle is ±5 with respect to the x- ory-axis (shown for the jc-axis in Fig. 3.34). It is small (5 = 1°—2°) since 
the exchange field H E ~2zSJ acting on the spins is much larger than the anisotropy field H Al ~ 
(S - y) P (values of H E and // A ,: see Table 5). The spin canting has been confirmed experimentally by 
neutron diffraction [83J1, 84M1]. Structure factor calculations show that the intensity is [83J1] 

I ~ (/./(■, • cos<5) 2 for the magnetic contribution to a nuclear Bragg reflection 
I ~ (jU Cr ■ sin<5) 2 for an “antiferromagnetic” superlattice Bragg reflection 

where /t Cr is the magnetic moment of the Cr 2 + -ion. By measuring and analysing not only the strong 
ordinary reflections but also the much weaker superlattice reflections, the experimental data yield a value 
of <5 = +2.1° for the canting of the spins alternately away from the x- ory-axis [84M1] as sketched in Fig. 
3.34. 

A spin Hamiltonian for Rb 2 CrCl 4 and related Cr-compounds has to take into account the two 
sublattices a and b similar to the spin wave calculations for antiferromagnets (cf. Sect. 3.1.2). This means 
that we have to start our considerations based on the Acam or Bbcm structure with two magnetic ions per 
unit cell, employing the (x,y, z) coordinate system instead of the (x 0 ,y 0 , z 0 ) system used for K 2 CuF 4 . Thus 
the in-plane anisotropy term will not be written with S a x0 and Sb, y o hut with the equivalent expressions 

(S ax — S ay )/ ■Jl and (S bx + S by )/V 2 . In this way, the spin Hamiltonian denoted 7f(l) [81H4, 93A] 
becomes 

tf(l) = -2/£ s u s jib —2^ J J [(S i , ax -S i , ay ) 2 +(S i , bx +S i , by ) 2 ] + J D^ [S^+Sgte] 

<i,j> (i',f> i i 

(3.81) 

where J and / are the constants of the intralayer and the interlayer exchange, respectively. The term 
with P is the above mentioned in-plane anisotropy term with the tendency to align the spins along the x 0 - 
and y 0 -axes. The term with D is the out-of-plane anisotropy term with the tendency to force the spins 
into the easy plane. The symbols (i, j) and (i',j') mean again that the summation is taken over all pairs of 
nearest neighbours counting each pair only once, firstly the four neighbours in the layer, belonging to the 
other sublattice, and secondly the eight neighbours in the adjacent layers. Since J is much smaller than 
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J no difference is made here for the two sublattices. Finally, the summation "i" extends over all ions of 
one sublattice since the contributions from sublattices a and b are written separately in Eq. 3.81. 

The Flamiltonian 7f( 1) is the basis for a renormalized spin-wave calculation which has been 
performed by Lindgard et al. [80L2] and Flutchings et al. [8 1H4]. Such a procedure (cf. Sect. 3.1.2) 
requires the or spin-quantization axis to be parallel to the direction of spin orientation in the magnetic 
structure. Thus a rotation of the coordinate system is necessary, from that with the unique z-axis parallel 
to the crystalline c-axis to that with the £-axis parallel to the spin-orientation axis. These rotations can be 
expressed by the following matrix equations for sublattices a and b 



( o o +r 


S. 

i,ax 


- sin 6 - cos S 0 

+ cos d -sin S 0 


s. 

i,ay 

s. 

v [ ’ az 

s \ 


' 0 0 +P 


s. 

1, DX 

^i,brp ^i,b^) 

+ sin S - cos S 0 


s., 

i.by 


^ + cos S + sin S 0 


s. 

V bbz j 


The £-axes rotated away from the x-axis by ±5 for sublattice a and b are marked as £ a and £ b in Fig. 

3.34. The renormalized spin-wave calculation for Rb 2 CrCl 4 by Flutchings et al. [8 1H4] does not quite 
follow the lines discussed in Sect. 3.1.2 (cf. Eqs. 3.2-3.15). The transformation of the spin operators S i a ^, 

S i aT1 and Sj a2 to magnon Bose operators a, and a, for sublattice a and analogously for sublattice b is not 
performed by the method of Flolstein-Primakoff [40H] but by the approach of matching the matrix 
elements (MME) [74L2, 76L3]. The application of the rotation Eq. 3.82 to :7/( 1) (Eq. 3.81) creates terms 
linear in the Bose operators which are removed by applying a linear transformation to these operators. 
The resulting condition that the linear terms vanish is the equilibrium condition expressing the balance 
between exchange and the in-plane anisotropy field 


tg2c>= [P(5 , -^)]/(2z5 , J] (3.83) 

where S is the spin value (5=2 for Cr 2+ ) and z = 4 the number of nearest neighbours. An alternative form 
of Eq. 3.83 is very useful to determine <5 from experimental data 

[tg25] 2 = [P(5-|)]/[2z5J] (3.84) 


where P =P sin 2 8 and J— J cos 2 8 are abbreviations which will frequently be used in our further 
considerations. The factor (5 — -f) in Eq. 3.83 and in the following equations below ensures that the 

single-ion anisotropy has no influence on the spinwave spectrum of spin S = \ systems like K 2 CuF 4 . And 
we recall from Sects. 3.1.5 and 3.1.9 that the same is true for the single-ion anisotropy in 
antiferromagnets like K 2 FeF 4 (5 = 2) and K 2 CoF 4 (5 = j-). It should further be noted in this context that a 
classical spin-wave calculation (cf. Sect. 3.1.6) instead of the MME method or a similar transformation 
would yield PS and not P (S — \) as in Eq. 3.83. For low temperatures, we may apply linear spin-wave 
theory to Eq. 3.81 and neglect the renormalization terms. Since the anisotropy terms are much larger than 
the interlayer exchange, we will neglect the latter and put J = 0. Then, we obtain for the spin-wave 
energies (see Eq. A 1.3 of [81H4]) 
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(*®q ) 2 = {2 ZSJ (cos 23 ± y q ) + [D (1 + y q ) + 2P] (S - })} x 
x {2zSJ (1± y q ) + [Z) (1 — y q ) + 2P] (5 — 2-)} 


3.85) 


with the abbreviations P, J as in Eq. 3.84 and a new one £)=Z5 + 4-P(l - sin2<5). For reasons of the spin 

canting and the two sublattices in Rb 2 CrCl 4 , the (x,y,z) coordinate system is used as for the anti- 
ferromagnets in Sect. 3.1.2. Consequently, the appropriate unit cell in reciprocal space is the small 
Brillouin zone for antiferromagnets with 0 < qa < k/2 in ^-direction (cf. Fig. 3.29) and we obtain two 
magnon branches. The upper and the lower sign in Eq. 3.85 refers to the upper and lower branch, 
respectively. In the literature however, very often the two branches are unfolded into the larger 
ferromagnetic Brillouin zone (cf. Fig. 3.29) and to consider Rb 2 CrCl 4 as a ferromagnet with one magnetic 
ion per unit cell (I4/mmm) using the (q x0 , q y0 , q z0 ) coordinate system in reciprocal space with 0 < qa < n 
for q = (q, q, 0) corresponding to q = ( q x0 , 0, 0) in the other system. Then, Eq. 3.85 has to be modified as 
follows 


(fico q f = {2 zSJ (cos2d - y q ) + [D (1+1 y q |) + 2 P] (S - j)} x 

x {2 zSJ cos 25 (1 - y q ) + [D (1 -1 y q |) + 2P] (S - {)} 


(3.85a) 


where y q =\ (cos q x0 a + cos q y0 a) is now identical with the expression for the ferromagnet K 2 CuF 4 in Eq. 

3.71a. As already mentioned, the canting angle 8 turns out to be small, experimental value 8= 2.1° and fit 
value from spin-wave theory (Eqs. 3.84 and 3.85) 8= 1.1°. On the other hand, the Hamiltonian 7f(l) is 
relatively complicated and the handling of the terms of fourth order in the Bose operators becomes rather 
lengthy. Therefore, an approximate Hamiltonian 76(2) has also been used for calculating the spin-wave 
energies of Rb 2 CrCl 4 [81H4] 

#(2) = -2 J X - 2J ' X S i' ~ P 'Z S t +D 'Z S U (3-86) 

<i,j> i 


where J, P and D have the same meaning as defined in context with Eqs. 3.83 and Eq. 3.85. 9f( 2) is the 
standard Hamiltonian for an easy-plane ferromagnet (Z)>0) with an in-plane anisotropy. In Eq. 3.86, the 
x-axis will be the easy axis for P> 0, i.e. the direction of the spontaneous magnetization. This again is a 
simplification because the y-axis can as well be the easy axis and the results of FMR experiments will 
show a fourfold symmetry in the basal plane. The spin canting is no longer shown explicitly in 7f(2) but 
its consequences on the parameters J, P, and D are taken implicitly into account (cf. also Eq. 3.84). For a 
renormalized spin-wave calculation with 2), it is also necessary to make the x-axis the or 
quantization axis. Eq. 3.82 yields with 8= 0 x £ y -t] andz q. Finally, the spin-wave spectrum 
obtained from 7f(2) (Eq. 3.86) will consist of one nondegenerate magnon branch in the larger 14/mmm 
Brillouin zone which has been discussed above as an unfolding of the two branches from 76(1). It is 
therefore not surprising that the magnon energies derived from 76(2) for low temperatures by linear spin- 
wave theory differ only little from those in Eq. 3.85a neglecting again the interlayer exchange (/ = 0) 


(M) q ) 2 ={2zSy(l-y q ) + [Z) (l+| 7 q |) + 2P](5-I)}x 
x{lzSJ (1 —y q ) + [T) (1 -1 7 q I) + 2P] (S' - y)} 


(3.87) 


The difference between ( ti 0 ) L] )^ in Eqs. 3.85a and 3.87 is that a term - 4z.v.7y q sin 2 <5has been neglected in 
Eq. 3.87 which is indeed rather small. A further consequence of the spin canting in Rb 2 CrCl 4 and of the 
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in-plane anisotropy field is that there is a spin-wave gap at q = 0 with a width for T —» 0 calculated by 
means of Eq. 3.85 from Hamiltonian Jf( 1) 

(/iv gap ) 2 = [(5-i)(25 + P + f 5 sin2(5)-4z5/sin 2 5] ■ [(S-i)2Psin25] (3.88) 

When starting from 9f( 2) (Eq. 3.86) instead of 9f( 1), the small term4 zSJ sin~5 is again neglected and we 
obtain for T —» 0 the simpler and more often used expression for /?V ga p [81H4] 

/7V gap =(S-I) 2 y/(D + P) P (3.89) 

where sometimes P = P sin 25 is neglected as small compared to D ~ D + \ P (neglecting also here 

Psin25) [87A3, 88B3]. Thus V gap is essentially proportional to the product of the out-of-plane and in¬ 
plane anisotropy fields which are related to D and P as will be discussed below in context with 
ferromagnetic resonance (FMR, see Eq. 3.100). This is different from the AFMR frequency in 

antiferromagnets where, in the simplest case (Eq. 3.10 in Sect. 3.1.2), the leading term of v AFMR is the 
product of the exchange field H E and the out-of-plane anisotropy field H A . From Eqs. 3.88 and 3.89 it is 
obvious, on the other hand, that v gap is proportional to sin25 and vanishes for 5=0. 

The magnon dispersion curves have been determined for Rb 2 CrCl 4 by neutron inelastic scattering for 
</ = (£,£, 0) with £ = q xQ la* = q y0 /a* ( a* ~ b *) [80L2, 81H4]. The complete magnon branch for 
0 < £ < 0.5 has been measured at 20 K. Additional data have been acquired at 5 K, 40 K and 50 K for 
small £ (0 < £ < 0.05). All these experimental results are reproduced in Fig. 3.35. The complete set of data 
for 20 K has been the basis for two independent fits to 7f(l) (Eq. 3.81) and Jf( 2) (Eq. 3.86). The obtained 
parameter values are listed in Table 5. At the elevated temperature T= 20 K = 0.38 T c , linear spin-wave 
theory is not sufficient for these fits and temperature renormalization ternis are taken into account. For 
large wavevectors (£>0.15), the magnon dispersion curve can be analysed in ternis of the ideal 2D 
Heisenberg model ([80L2, 81H4], see also [76H4]) with 5=0 and D = P=D = P = 0 in Eqs. 3.86 and 
3.87, similar to K 2 CuF 4 [83H4]. The corresponding expression for tico q (see Eq. 3.72) can well be fitted 

to the experimental points for £>0.15 [76H4]. But at smaller wavevectors (£<0.15) the anisotropy 
terms, especially the out-of-plane anisotropy, have a considerable influence on the results of spin-wave 
calculations and have to be included for a realistic fit to the experimental data. Thus there will be a 
crossover for Rb 2 CrCl 4 from 2D Heisenberg to 2D XY-model behaviour as discussed for K 2 CuF 4 in the 
preceding section. The data for 0 < £ < 0.05 show that the magnon gap exhibits a strong temperature 
normalization. Additional high resolution neutron inelastic scattering [86H2] and ferromagnetic 
resonance (FMR) experiments [84S3] have revealed that the decrease of the gap energy with increasing 
temperature is so drastic that v ga p is already practically zero at 50 K well below T c . This means that the 
temperature dependence of V gap is very different from that of the order parameter while in 
antiferromagnets the temperature dependence of V A fmr is almost equal to that of the sublattice 
magnetization M subl (Eq. 3.17 in Sect. 3.1.2). 

in the magnetic structure of Rb 2 CrCl 4 (Fig. 3.34), we have to distinguish two magnetic sublattices 
with a canting of the spins away from the x- or y-axis alternately by a small angle ±5. And it has been 
mentioned in context with 7f(l) (Eq. 3.81) that the appropriate description is with two magnetic ions per 
unit cell and that the corresponding Brillouin zone is the small antiferromagnetic one (cf. Fig. 3.29). The 
two magnon branches are usually called the "acoustic" and the "optic" branch. At q = 0, the lower mode 
(acoustic) is the spin-wave gap discussed above and the upper mode (optic) ist the maximum spin-wave 
energy with /?V max ~ 4zSJ. In order to make easier a comparison to other ferromagnets and to use the 
approximate Hamiltonian 9f( 2), the spin waves of Rb 2 CrCl 4 have been described as one branch in an 
extended Brillouin zone and also the experimental data are presented in Fig. 3.35 in this way. We recall 
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further from Fig. 3.29 that the ferromagnetic zone boundary is (|,y, 0) in the system (q x0 , q y0 , q z0 ) or 

(1,0,0) in the system (q x ,q y ,q^). For antiferromagnets, this is a superlattice reciprocal lattice point. In 
contrast to ordinary ferromagnets without spin canting, v max is really at q = 0 in Rb 2 CrCl 4 and has been 
observed by Raman scattering [87A3]. Also from these results, values were derived for the parameters of 
Rb 2 CrCl 4 by means of a spin-wave calculation. We obtain for 7/'(1) from Eq. 3.85 for low temperatures 

neglecting terms like Psin25 or 4z.S'./sin 2 <5 which are here really negligible in comparison to the leading 
term 4zSJ (cf. the values in Table 5) 

hv mm = ( |4zX7] • \4zSJ + {S-\) (2D + P) ] j' 2 (3.90) 

which can further be simplified by the approximation [87A3, 88B3] 

hv maK ~ 4zSJ + D (S -P) (3.90a) 

where J ~ J and D ~ D + \P. For the analysis of the Raman data, the (linear) spin-wave theory has not 

employed the MME method [8 1H4] mentioned above but Briat et al. [88B3] have used a different method 
and extended the spin-wave theory for Rb 2 CrCl 4 by including a Zeeman term and by calculating not only 
the magnon energies but also the eigenvectors for external field H 0 || (1, 1, 0), H (l || (1,0, 0) and 
H 0 || (0, 0, 1). The problem of the renormalized spin-wave theory for an easy-plane ferromagnet with 
single-ion anisotropy has attracted much attention from a more theoretical point of view [79B6, 79R2, 
80B8, 84R3, 86T2]. The basic Flamiltonian for an ideal easy-plane ferromagnet is 

X = -2j'£ j SiSi+D^ S? z (3.91) 

<i,j> i 


with J> 0, D > 0 and without in-plane anisotropy. This ideal system will have no magnon gap (ft) q —> 0 for 
q —> 0). Using the Hamiltonian Eq. 3.91 several theoretical papers have dealt with the problem to derive 
spin-wave energies that meet the conditions already introduced here which can be summarized as follows 
[86T2] 

1) Kinematic consistency: The single-ion anisotropy or the crystal field must not influence the spin-wave 
energies in spin S = \ systems (factor S - -y). 

2) Goldstone mode: A mode with (0 = 0 must exist in view of the continuous symmetry in the easy plane. 

In this respect, the various methods like Holstein-Primakoff [40H] or Dyson-Maleev transform [56D, 
58M] or the method of matching the matrix elements [74L2, 76L3] have critically been compared [86T2]. 
And also a proof has been published that all these three procedures are equivalent [79R2] if the 
transformations are not applied naively but with sufficient care. Finally, all these efforts have not only 
been made for a better understanding of the spin waves in Rb 2 CrCl 4 since there are a number of other 
materials which are also good realizations of an easy-plane ferromagnet but which belong to classes of 
materials outside the scope of this contribution. 
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9.12.3.2.3 Spin-Reorientation Transitions - FMR under Various Conditions 

Completely analogous to antiferromagnetic resonance (AFMR) in antiferromagnets, ferromagnetic 
resonance (FMR) is a powerful tool for studying ferromagnets, especially for determining their 
anisotropies [66K, 83G1]. Also FMR experiments are performed with a microwave or millimeter wave 
source and usually by sweeping the external magnetic field H 0 . A major difference between FMR and 
AFMR is that the macroscopic magnetization M of a ferromagnet and the resulting demagnetization 
effects have to be taken into account while effects of this kind can usually be neglected in 
antiferromagnets. Thus, the magnetic field H mt acting in the ferromagnetic sample is not equal to the 
applied field H 0 due to these demagnetization effects 

H int , a = H 0a - N a M a a = x,y,z (3.92) 

where M a is the a-component of the magnetization and N a the corresponding demagnetization 
coefficient. According to our choice of the units for H and M, no factor 47t or l/|i 0 is required in Eq. 3.92 
(cf. Sect. 1). The coefficients N a can be calculated exactly for ellipsoid-shaped samples [450, 45S] and 
only approximately for real samples of perovskite-type layer structures which are mostly thin slabs of 
circular or rectangular shape. For quasi-optical arrangements in FMR experiments with millimeter waves, 
a usual approximation is to assume the sample to be a thin sheet with the oaxis perpendicular to the sheet 
and with rather extended lateral dimensions. Then we have approximately N z = N c = 1, N x = A a = 0 and 
N y = N h = 0. This means // inl x = // 0x , H inty = H 0y and // inLz = H 0/ - M z , i.e. H x , H y and B z are continuous 
at the interface sample-air. In our context, ferromagnetic resonance means the socalled uniform mode and 
not the magnetostatic modes which also can be observed under favourable conditions [66K, 80B6, 84G2]. 
Demagnetization corrections are also necessary when studying the susceptibility y in ferromagnets by 
magnetic measurements. With respect to the applied field H 0 , the apparent susceptibility y app is obtained 
as 


M a = *“ H 0a 


(3.93a) 


while the true susceptibility % is 


M a =X aa Hi nt ,a = *““ ( H 0a -N a M a ) (3.93b) 

where a is one of the coordinate directions x, y or z assuming a susceptibility tensor with only diagonal 
elements. By means of Eqs. 3.93a and 3.93b, the measured ^ app can be corrected for the demagnetization 
effects and the true susceptibility X be calculated [86K2] 

err^GO' 1 -^ (3.94a) 

Eqs. 3.92-3.94 apply not only to static or dc measurements but also to magnetic measurements in an ac 
field of frequency/which yield the ac susceptibility 

X™(<o) = X:c (fi>) + i*' M (3.95) 

with the real part y' ac , the imaginary part y" c and 0)=2nf. Also here, the indices a mean that m a is 

observed as response to h a (a = x,y, z). In yj an d x"■ the indices a are omitted for more lucidity if they 
are not essential for the discussion of the particular problem. Eqs. 3.92-3.94 apply further in ferromagnets 
to the elements of the dynamic susceptibility Xdyn with its real part y' and imaginary part y" (see Eqs. 
3.46, 3.48-3.50 in Sect. 3.1.6). The demagnetization corrections for y can be separated into real and 
imaginary part which was derived by Dekker et al. [89D3] 
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X = 


X = 


x'. w -N[(x'z VV ) 2 +(.xly V ) 2 } 

[l-A^app] 2 +[^a'pp ] 2 

^pp-^[(^) 2 +(^pp) 2 ] 

[i-^^ P p] 2 +[-v^; P p] 2 


(3.94b) 


For most of the susceptibility measurements listed in Tables 5 and 6, see for example [75D2, 76D5, 81S1 , 
81H2, 86C1, 86K2, 88D1, 95S1], the experimental data have been corrected for the demagnetization 
effects by means of Eqs. 3.94a or b. Such electromagnetic corrections are not required for the 
susceptibility determined from quasi-elastic neutron scattering experiments. If such investigations are 
performed in an applied magnetic field, H mt according to Eq. 3.92 and not H 0 is the relevant magnetic 
field. 

For FMR studies, also the internal field H mt has to be calculated from H 0 since H 0 is swept in the 
resonance experiment but // lnl is the quantity that can be compared with the anisotropy fields in the 
sample. And following this concept, it is useful to introduce as for AFMR (cf. Eqs. 3.42-3.44 in Sect. 
3.1.6) the macroscopic magnetization M which can be separated into a static part M 0 and an oscillating 
(precessing) part m. The spin Flamiltonians, e.g. Eq. 3.69 for K 2 CuF 4 and Eqs. 3.81 and 3.86 for 
Rb 2 CrCl 4 , are then converted to a macroscopic energy density u (see Eq. 3.41 in Sect. 3.1.6). There, the 
parameters in the Flamiltonians are expressed as magnetic fields. In order to remove the anisotropy of the 
g-factor from the spin-wave calculations, an isotropic g is used in these procedures which is taken equal 
to g a . With g = g a , the fields in the energy density u are for K 2 CuF 4 and other Cu-compounds 

H e = 2zSJ /g a [l B 77p = 2 z’S \J'\! g a p B H A = 2zSJ A /g d \X B H A = 2zSJ A /g. d \i B (3.96) 

With these definitions, h' E , h A , and h A (cf. Eq. 3.71) can be rewritten as 

h' E =H' E /H E h A = H a /H e h A = H A /H E (3.96a) 

For most Cu-compounds, we have g a = g b ^ g c - Only for [COOFl(CF[ 2 ) 2 NF[ 3 ] 2 CuCl 4 , a small difference 
between g a and g b has been reported [81W2]. Therefore it is useful to use for the spin-wave calculation an 
isotropic g-factor g = g a and to take the anisotropy of the g-factor into account by applying for H 0 || c a 
modified magnetic field 


H;=(g c / gd )H 0 (3.97) 

in the final results instead of H 0 . Such use of an isotropic g-factor in spin-wave calculations is quite 
common [74Y1, 76Y2, 76Y3, 77T4, 88D3], but very frequently with an isotropic g = 2. Then, modified 
fields are necessary for both, H 0 Lc and H 0 || c. It is to be pointed out again that in the following spin- 
wave calculations the magnetic dipolar interactions are always assumed to be included in the anisotropy 
fields in order to keep the results more lucid and clear. In some of the references, on the other hand, the 
dipolar interactions have been treated separately and the corresponding lattice sums (cf. Eq. 3.8 in Sect. 
3.1.2) calculated. So the interested reader is referred to them [74Y1, 74Y3, 76Y2, 76Y3, 81C2, 87Y2, 
88J1, 88Y1]. Finally, the energy density u is derived for ferromagnetic interlayer exchange and thus for 
ferromagnetic Cu-compounds resulting from the Hamiltonian Eq. 3.69 by means of Eq. 3.96 
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u = — M M - M M + M l + ^A- Ml 

2M 0 2 M 0 2M 0 2 M 0 y 

- (H 0 +h)M + \MN M 


(3.98) 


where the Zeeman term in the second line of Eq. 3.98 contains the applied static field H 0 , the ac or 
microwave field h and, in addition, a demagnetization term [88D3]. M 0 (cf. Eq. 3.75a) is the value of the 
magnetization for T —» 0 which is listed for K 2 CuF 4 and other compounds in Table 5. Eq. 3.98 is the basis 
for classical spin-wave calculations in context with ferromagnetic resonance experiments on Cu- 
compounds without spin-canting. But some of these compounds show spin canting and, as ferromagnets, 
weak antiferromagnetism. For example, (CH ! NH ; ) 2 CuCl 4 is a covert weak antiferromagnet which 
exhibits spin canting only for H 0 ^ 0 [88D3] and is a normal collinear ferromagnet for H 0 = 0. For 
description of such a system by spin-wave theory, it has to be divided into two sublattices a and b where 
every second layer belongs to sublattice a and the other layers between them to sublattice b. With an 
additional term of special intralayer anisotropic exchange which describes the spin canting effects, the 
energy density u becomes 

u = -^(M a M a +M h M b ) + ^M a M h +^- (Ml z + M b 2 z ) + (M% y + M b 2 , y ) 

2 M s M s 2 M s 2 M s 

(3.99) 

+ (M, y M a , z -M b , y M b , z )- (H 0 + h) (M a + M b ) + \ (M a + M b ) N (M a + M b ) 

M s 

where the upper sign for the interlayer exchange (-// b ) refers to a ferromagnet with hidden or open spin 
canting, e.g. (CFl^NFlj^CuCLh M s = T M 0 is the static value of the sublattice magnetization 

(M a0 = M b o = M s ) where M 0 is the magnetization of the ferromagnet in this case (cf. Eq. 3.75a). Eq. 3.99 
can also be used as the starting point for spin-wave calculations on antiferromagnetic Cu-compounds 
(lower sign: +H' e ) with and without spin canting. In the latter case, Eq. 3.99 is with H D = 0 the basis for 
calculating the AFMR frequencies [76T2] and the critical fields (Eqs. 3.57-3.59 in Sect. 3.1.8). And with 
H d ^ 0, Eq. 3.99 is the basis for treating systems with spin canting. Examples are (C 2 H 5 NFl 3 ) 2 CuBr 4 , a 
canted antiferromagnet and weak ferromagnet [81S5], and (C 2 Fl 5 NF[ 3 ) 2 CuCl 4 , a covert weak ferromagnet, 
i.e. the spins are canted only for H 0 J=0 [73B5]. The terms in Eq. 3.99 with H A for the out-of-plane 
anisotropy and with H A for the in-plane anisotropy are taylored for compounds like (CF^NFyiCuC^, 
(C 2 H 5 NH 3 ) 2 CuCl 4 and [COOH(CH 2 ) 2 NH 3 ] 2 CuC1 4 with 

a: easy axis, b: medium axis, c or c'\ hard axis (H A > 0, H A > 0) (3.99a) 

where the crystallographic directions a, b , and c are identical with the coordinate directions of the (x, y, z) 
system (cf. Fig. 2.1 in Sect. 2.1.2). The anisotropies are different for other Cu-compounds like 
(C 2 H 5 NH 3 ) 2 CuBr 4 with 

b: easy axis, a: medium axis, c or c': hard axis (H A > 0, H A < 0) (3.99b) 


which requires in our model to change the sign of H A Some Cu-compounds like 
[COOFl(CF[ 2 ) 2 NF[ 3 ] 2 CuBr 4 are not of the easy-plane type with II A > 0 but more of the easy-axis type so 
that also a change of sign is necessary for H A : 
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c or c'\ easy axis, b: medium axis, a: hard axis (// A < 0 ,H a < 0) (3.99c) 

Eqs. 3.99a-3.99c refer to the Hamiltonian in Eq. 3.69, to // A and H A in Eq. 3.96 and to the resulting 
energy density in Eq. 3.99 and not to other definitions of H A and H A e.g. for easy-axis Mn-compounds 
(see, for example, Eq. 3.41). That means that H A < 0 or H A <0 implies also J A < 0 or J A < 0 in Eq. 3.69. 

Further, d is a direction perpendicular to a and b introduced in some Cu-compounds with monoclinic 
symmetry like |COOH(CH 2 ) 2 NH 3 ] 2 CuX 4 with X = Cl, Br [81W2, 83 W2], It should also be noted that Eq. 
3.99 cannot be used without introduction of additional anisotropy terms for systems like 

(C 6 H 5 CH 2 NH 3 ) 2 CuCl 4 where the easy axis is the (1, 1, (Indirection. Finally, the data on magnetic 

properties including the spin anisotropies are compiled in Table 5 also for a number of Cu-compounds 
with reference to Eqs. 3.99a-3.99c. 

Bloembergen et al. [73B5] have studied the field-induced phase transitions of the antiferromagnet 
(C 2 H 5 NH 3 ) 2 CuCl 4 from the AF-phase to the SF- and PM-phases which are easily accessable in this case 
because of the small value of H E , as mentioned already in Sects. 3.1.6 and 3.1.8 (cf. Fig. 3.23). Their 
analysis is based on an energy density similar to Eq. 3.99. Moreover, (C 2 H 5 NH 3 ) 2 CuC1 4 is a system with 
covert spin canting (// D ^ 0) where the spins rotate for H 0 || b and H 0 \\c with increasing //„ from the easy 

axis (a-axis) to the bc-plane, and critical fields H EF (a = b, c ) mark the transition of the system to a 

canted phase in which the sublattice magnetizations parallel to the a-axis vanish (cf. H EF in Eq. 3.60 of 

Sect. 3.1.8). Especially for H 0 Jj c, there is at H 0 = H EF a considerable canting of the spins by an angle (p c 
away from the c-axis in the bc-plane which results from [73B5] 

t g(p c = H D /H A (3.100a) 

With the values for (C 2 H 5 NH 3 )CuC 1 4 , Eq. 3.100a yields (p c ~ 60° and Eqs. 3.59, 3.60 yield 
//( C T = 0.5 //p M . If the external field H 0 is further increased above // ( c K , the canting angle <p c is reduced 
according to the equation (cf. [88D3]) 

(2 H' e + H a -H a ) sin < p c cos (p c +H D cos 2(p c = Hq sin<p c (3.100b) 

which shows that an exact solution (p c = 0 cannot be obtained for finite H* 0 (cf. Eq. 3.97) and that the 
system therefore does not undergo a transition to a PM-phase with <p c = 0. But the system approaches this 
state asymptotically. And at a field of// 0 = 2.6 H EF , the magnetization M z has already reached 99.5% of 
its maximum value 2Af s (cf. Fig. 6 in [73B5]). But there is still a component M y ~ ±0.1 M s due to the spin 
canting (<p c ~ 5.1° in this case). Another example for spin canting is (C 2 H 5 NH 3 ) 2 CuBr 4 where b is the 
easy axis and c the hard axis. That means, the spins are for H 0 = 0 already in the bc-plane and subject to 
the action of H D . For H 0 = 0 and for H 0 || c, Eq. 3.100b can be used also in this case to calculate the 
canting angle (p c . For //„ = 0, the result is (p c = 49.5° (see Table 5 and [81S5]). In this context, it is worth 
to be noted that in the canted system and in the PM-phase of systems without canting, a considerable 
magnetization is build up, especially at low temperature because of the ferromagnetic correlations due to 
the strong intralayer exchange field H E . Therefore, the demagnetization term has been included in Eq. 
3.99 not only for ferromagnetic but also for antiferromagnetic compounds. It should further be noted that 
the ferromagnetic exchange terms in Eqs. 3.98 and 3.99 will not contribute to the spin-wave energies in 
the usual treatment of the energy density u by means of the Bloch-Bloembergen equation (Eq. 3.42 in 
Sect. 3.1.6) but only to the static energy density of the system. 
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In a way similar to that for the Cu-compounds, magnetic fields are introduced for the ferromagnet 
Rb 2 CrCl 4 and other Cr-compounds. The fields corresponding to the parameters in ‘K( 1) (Eq. 3.81) are 

H e = 2zSJ / gp B H M =2P(S-$/gn B H A2 =2D{S-\)/gix B (3.101) 


where the small interlayer exchange H' e ~ ./' has been neglected and an isotropic g-factor g = 2.00 has 
been used since the values of g a and g c are nearly 2.00 in Rb 2 CrCl 4 (cf. Table 5). Thus we obtain from 
Jf(l) with two sublattices M a and M b for canted ferromagnets like Rb 2 CrCl 4 the energy density 


«(1 ) = ~TT M » M * + TTT ( M l z+4) + ^- [(M a , x - M a , y ) 2 + (M b , x + M b , y ) 2 ] 


Me 


2 Me 


4Me 


(3.102) 


- (//« + Zr) (M a + M b ) + y (M a + M b ) N (Af a + M b ) 


where again the sublattice magnetization M s is approximately equal to half of the total magnetization 
M 0 /2 neglecting the small antiferromagnetic component due to the spin canting (S = 1.1°, cf. Table 5). In 
Eq. 3.102, the exchange term is needed also in the Bloch-Bloembergen equation for establishing the 
equilibrium condition yielding the canting angle. We recall from Sect. 3.2.2 that for the analysis of the 
data from inelastic neutron scattering on Rb 2 CrCl 4 an approximate Hamiltonian 7/(2) has been used in 
which the spin canting is neglected and the system treated like a simple ferromagnet. The corresponding 
magnetic fields are (omitting again H E ~ J') 


H e = 2zSJ/g[i B H a = 2D (s -\)/ gq B H A = 2P (S-\)/g[i B (3.103) 

where the magnetic fields have again been calculated with g = 2.00 as a convenient approximation. The 
relation between D, P in Eq. 3.103 and D, P in Eq. 3.101 is given in Eq. 3.85. The energy density u 
resulting from 7/(2) is equal to that in Eq. 3.98 and will therefore not be repeated here. A disadvantage of 
this energy density is that it contains an orthorhombic in-plane symmetry which is appropriate for Cu- 
compounds like (CH 3 NH3) 2 CuC1 4 but not for Rb 2 CrCl 4 . It will be shown below that the FMR data for 
Rb 2 CrCl 4 exhibit the fourfold crystal symmetry when the external field is applied at various angles 
with respect to the a-axis in the basal plane. It is therefore more suitable to use for the interpretation of the 
FMR data on Rb 2 CrCl 4 the following energy density 

a = -^Mtf + ^-M z 2 + -\(M x M v ) 2 -(R„+/i)jl/ + {MNM (3.104) 

2 M 0 2M 0 2Mq 


where the term with H A reflects the fourfold crystal symmetry as in Eq. 3.41 (3.1.6) for the analysis of 
the AFMR data of Rb 2 MnCl 4 . 

In the magnetic order of the easy-plane ferromagnet Rb 2 CrCl 4 (cf. Fig. 3.34), the easy axis is the 
(1, 0, 0) or (0,1, 0) direction of the (x,y, z) coordinate system (cf. Fig. 2.1 in Sect. 2.1.2) and, according to 
the strengths of the anisotropy fields which are listed in Table 5, the medium axis is the 
(1, 1, 0) or (1, 1, 0) direction and the hard axis the (0, 0, 1) direction. This can be confirmed by FMR 

experiments under various conditions where the magnetic field H a = H 0 (siny/ cos/3, sint// sin/3, cosy/) 
(cf. Eq. 3.43 in Sect. 3.1.6) is applied in various directions with respect to the crystalline axes. For 
example, H 0 || (1, 0, 0) corresponds to y/= 90° and /3= 0 and H 0 || (0, 0, 1) to y/= 0 (/3 irrelevant). Fig. 
3.36 shows the experimental results for Rb 2 CrCl 4 at 4.2 K presented as V FMR versus applied field H 0 
[84G3, 91G2]. With the field parallel to the easy axis (i//= 90°, /J= 0) V FMR increase with increasing field 
H 0 . For H 0 parallel to the medium axis (\\i= 90°, /3= 45°), V FMR decreases first with increasing field and 
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goes to zero when the internal field H mt equals the in-plane anisotropy field H A , i.e. H 0 = H A = 0.231 T. 
This instability is removed in a spin reorientation transition. When H 0 > H A , the system restabilizes by 
rotating the spins away from the easy direction until they are aligned parallel to the field, i.e. parallel to 
the medium axis in this case. This phenomenon has further been studied by more detailed FMR 
experiments and also as a function of temperature [84F2, 84S3]. A similar behaviour is observed for 
// 0 || (0,0,1) (i/r=0°). The frequency V FMR approaches zero for // lnl = H 0 - M 0 = H A = 3.181 T. The 
corresponding value of H 0 in Fig. 3.36 is 3.411 T, where for M 0 the value for T —> 0 has been used 
(0.230 T). In this spin reorientation transition, the external field overcomes the out-of-plane anisotropy 
field H a and the spins are rotated into a direction parallel to the field, i.e. parallel to the (0, 0, 1) direction. 
The solid curves in Fig. 3.36 are the result of a classical spin-wave calculation by means of the Bloch- 
Bloembergen equation, starting from the energy density u in Eq. 3.104. That the term with H A is needed 
in Eq. 3.104 for the calculation of v FMR is illustrated in Fig. 3.37 which shows the FMR results for 
Rb 2 CrCl 4 for various directions of H 0 in the basal plane (// 0 _L c). The measurements were performed with 
v = 61.1 GHz. The data are presented as field at resonance H res versus the azimuthal angle /3. The 
experimental points in Fig. 3.37 are a clear evidence for the fourfold crystal symmetry and the calculated 
curves can only be obtained with Eq. 3.104 and by no means with Eq. 3.98. Finally, FMR data have also 
been taken for Rb 2 CrCl 4 with v = 61.1 GFlz bei rotating the external field H 0 from the easy axis ((5 = 0°) 
and from the medium axis (ft = 45°) to the hard direction. The results are shown in Fig. 3.38 as H res 
versus polar angle 1 //where t//= 0° corresponds to H 0 || c and y/= +90° to H a _L c. These experimental data 
provide the information for determining the out-of-plane anisotropy field H A as well as the in-plane 
anisotropy field H A . The results in Fig. 3.38 for \\r= 0° and t//= 90° can also be found in Fig. 3.36 by 
drawing a horizontal line at v FMR = 61.1 GFlz. But Fig. 3.36 contains more data taken at other frequencies 
between 30 GHz and 170 GHz. 

Similar results of FMR investigations are available for K 2 CuF 4 and for other ferromagnetic Cu- 
compounds like (CH 3 NH 3 ) 2 CuC1 4 [87D1, 88D3, 89D2, 90D3], The structure of (CH 3 NH 3 ) 2 CuC1 4 is 
monoclinic which can be described as B12j/al with /3 ~ 90° (cf. Table 2) so that it may be considered 
approximately as orthorhombic. Thus the magnetic properties are well reproduced by Eq. 3.98 which is 

also used for calculating the FMR frequencies of K 2 CuF 4 usually neglecting the small quantities H A ~ 0 
and H' e ~ 0. In (CH 3 NH 3 ) 2 CuC 1 4 , the configuration of easy and hard axes is given by Eq. 3.99a. Since the 
mathematical handling of the equilibrium conditions is easier for orthorhombic symmetry it is opportune 
to reproduce some standard expressions for v FMR [76Y3, 87D1, 88D3, 89D2, 90D3] as derived from Eq. 
3.98 or an equivalent energy density. He results are for (CH 3 NH 3 ) 2 CuC1 4 where the demagnetization 
factors (Eq. 3.92) are assumed to be N c ~ 1, A a ~ 0 and N° ~ 0. Thus, we obtain 

for H 0 parallel to the easy axis, i.e. // 0 || a 

Vfmr = (7a/2*) 2 (H 0 + H a ) (H 0 +H a +M 0 ) (3.105) 


and for H 0 parallel to the medium (next preferred) axis, i.e. H 0 || b 

H 0 <H a v f 2 mr =(7a/20 2 [H a (H a + M 0 )\\1-(H 0 /H a ) 2 \ 

H o > H a v f 2 mr = ( 7 a /2 ji ) 2 (H 0 -H a ) (H 0 +H A +M 0 -H A ) 


(3.106) 


with the gyromagnetic ratio y a =g a (i B //i. Eqs. 3.105 and 3.106 apply in general to FMR with H 0 parallel 
to the easy axis and to the medium axis, resp., also for other configurations of easy and hard axes, e.g. 
those in Eq. 3.99b and 3.99c. But usually, the demagnetization corrections have to be adapted to these 
other configurations. The interested reader will find the expressions for V FMR with general 
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demagnetization corrections in [76Y3]. The magnetic field at resonance H les for a fixed frequency V can 
easily be obtained by inverting Eq. 3.105 or Eq. 3.106. It is further worth noting that both, Eqs. 3.105 and 

3.106, yield for H 0 = 0 a ferromagnetic spin-wave gap for nonzero H A and H A . Analogous to Eq. 3.89 for 
Rb 2 CrCl 4 the gap frequency is for (CF[ 3 N]-[ 3 )2 CuC1 4 and similar compounds 

v gap =(yj2n)[H A (H A +M 0 )f 2 (3.107) 

Experimental results on (CFI 3 NF[ 3 )2 CuC1 4 for H n || a and H {) || h at f = 1.2K, 4.2 K, and 10 K are 
presented in Fig. 3.39 as V FMR versus H 0 — // int . As in Fig. 3.36 for Rb 2 CrCl 4 , the data for H 0 parallel to 
the easy axis (a-axis) exhibit an increasing v FMR with increasing H 0 as predicted by Eq. 3.105. The data 
for H 0 parallel to the medium axis (Z>-axis) reflect the spin reorientation transition at H 0 = // A , especially 
clear for the lowest temperature T= 1.2 K. At 10 K ( T c = 8.9 K), the in-plane anisotropy field H A is 
reduced to zero and no spin reorientation transition is observed with v F mr —> 0. At these temperatures, the 
out-of-plane anisotropy H A is still ^ 0 as derived from the results for H n \ \ c below. The measurements for 
H 0 \\b offer the possibility to study the spin reorientation transition at various temperatures and to 
determine the temperature dependence of H A . Finally, the FMR frequencies become [76Y3, 87D1, 
88D3, 89D2, 90D3] 

for H a parallel to the hard axis, i.e. // 0 || c 

a) for H int < H a : 

y 2 FMR=(7j27i) 2 [H A (H A +M d 0 )] [1 - {Hq/(H a + Mg)} 2 ] (3.108) 

b) for H mt > Hi : 

v 2 ¥m ,=(rj2n) 2 (Hl-H A -Ml+H A ) (3.109) 

or v fmr =(7 c /2ti) (H 0 -Hi-M 0 ) (3.109a) 

with Hi=(gJg c )H A , Mq = [sin 2 0 + (g c / g a ) 2 cos 2 0 ] 1/2 M 0 , M 0 * = (g c /g a ) M 0 

where 9 is the angle between the magnetization and the c-axis and where Hq has been defined in Eq. 
3.97. These are the necessary modifications since all spin-wave calculations are performed with an 
isotropic g-factor g = g a (cf. discussion in context with Eqs. 3.96 and 3.97). FMR studies for H {) || c with 
the application of Eqs. 3.108 and 3.109 were performed also for (CH 3 NH 3 ) 2 CuC1 4 [89D2, 90D3]. The 
results obtained at 1.2 K, 4.2 K, and 9 K are shown in Fig. 3.40 as FMR frequency V F mr versus internal 
field // jnl =H 0 - Mq. Especially the data for 1.2 K show at H mt = H A a softening of V FMR thus indicating a 
reorientation transition of the spins which are parallel to H 0 above the transition. At higher temperatures 
like 4.2 K, H A is found from a linear extrapolation of the experimental data V FMR (// int ) to the /7 lnl -axis 

while a minimum of V FMR occurs for a field lower than H A . In their analysis, Demokritov et al. 
[89D2, 90D3] have identified the magnetic field of this minimum as the critical field H c at which the 
phase transition ferromagnetic to paramagnetic occurs for a temperature T < T c . Measurements of the type 
shown in Fig. 3.40 were made at various temperatures in order to obtain H A (T) and H C (T). Inversion of 
the data H C (T) yields the transition temperature T ( (H). As mentioned before, Eqs. 3.105-3.109 can also 
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be applied to FMR results on K 2 CuF 4 setting H A = 0 [84G1, 84K3, 89D2]. For the latter compound, the 
FMR results for T C (H) [89D2] may be compared to those obtained from magnetization measurements 
[8 1H2] by means of the condition dM/dT= max. It turns out that the FMR data yield a somewhat higher 
temperature closer to the maximum of the M Z (T) curves in Fig. 3.33 (cf. Fig. 4 of [89D2]). 


9.12.3.2.4 Magnetic Polaritons 

For the discussion of antiferromagnetic resonance (AFMR) under various conditions in Sect. 3.1.6, it was 
advantageous, e.g. with respect to selection rules, to consider the oscillating magnetic field h as part of an 
electromagnetic wave, and to use Maxwell’s equations in addition to the Bloch-Bloembergen equation 
(Eq. 3.38). This offered the opportunity to determine the optical constants cq/co= (n + ik) (cf. Eq. 3.47) by 
means of the wave equation (Eq. 3.46) resulting from Maxwell’s equations which is repeated here for 
convenience 


■^y?x[(c) 1 (?xA)] 

ft) 


(1 + Xdyn )h 


The inclusion of Maxwell’s equations and the use of the wave equation (Eq. 3.46) are also appropriate for 
FMR as shown for K 2 CuF 4 by Kullmann et al. [84K2, 84K3]. It is outlined there that Eqs. 3.46 and 3.47 
yield two solutions for H u || (1, 0, 0) and q || (0, 0, 1) 


1) h || (0,1,0) 


(n + ik)f — £ x 


1 + 


(271v F mr) M/Hq 
(2jiv fmr )“ -(ft) + i Ay _ 


(3.110) 


2) h || (1,0,0) (n + ik)l=e„ 


(3.111) 


where M is the magnetization at the temperature of the measurement as is also H A in v/ hv1R . The first 
solution is the FMR mode with V FMR as given in Eq. 3.105 with // A = 0 for K 2 CuF 4 and the second one a 
nonmagnetic mode. That means that the solutions of the wave equation Eq. 3.46 consist not only of the 
FMR modes (magnons) but also of purely electromagnetic waves (photons) and modes resulting from the 
coupling of magnons and photons, namely magnetic polaritons. In contrast to the treatment of 
antiferromagnets in Sect. 3.1.6, we have to use for ferromagnets the internal fields and to apply the 
demagnetizing corrections as discussed in the beginning of this section. Magnetic polaritons and the 
coupling of magnons and photons have been described theoretically for ferromagnets some decades ago 
[60A, 60G, 62P, 68A] while such theories for antiferromagnets appeared somewhat more recently [72M2, 
75B4, 77S3, 77S4]. Let us here at first evaluate the optical constants from Eq. 3.110 by means of the 
solution of Eq. 3.46. Then, the transmission and the reflectivity of the sample can be calculated by 
employing standard formulae, see e.g. Eqs. 8 and 10 in [84K2]. The calculated data may then be 
compared to the experimental ones. A transmission spectrum of a K 2 CuF 4 sample with a thickness of 
d = 1.835 mm is presented in Fig. 3.41a. The data have been obtained for H 0 || (1, 0, 0) at T= 4.2 K with 
V = 87.95 GHz by varying the magnetic field. Therefore, the frequency of 87.95 GHz has to be inserted in 
Eq. 3.110 and then n and k can be calculated as a function of the applied field H 0 . The transmission of 
K 2 CuF 4 is plotted as reduced transmitted intensity I(H 0 )/I(H 0 = 0) so that values larger than 1 may occur 
in contrast to conventional transmission data. Figs. 3.41b and 3.41c show the calculated optical constants 
n and k also as a function of H 0 . The input data for this calculation include not the only magnetic data 
(Table 5) but also the complex dielectric constant e^. They are listed in Tables 1 and 2 of [84K2]. 
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By means of the values of n and k, I(H 0 )/I(H 0 = 0) is obtained (solid line in Fig. 3.41a) which agrees 
quite well with the experimental data (open circles). The damping constant A is the only disposable 
parameter in this procedure. It was determined by an optimum fit to the experimental data 
(A = 0.01 GFlz). The outstanding feature in Fig. 3.41 is that the transmission of the sample is practically 
zero between H 0 = H m . = 2.54 T and H 0 = H Tes = 2.60 T where n is also nearly zero and k has large values 
up to 35. Please note that n is presented on a linear scale in Fig. 3.41b and k on a logarithmic one (Fig. 
3.41c). Obviously, electromagnetic waves cannot propagate through the sample in this range which can 
be identified with the socalled "polariton gap" as outlined in more detail below. The other structures in 
the transmission spectrum in Fig. 3.41 are due to interferences from multiple reflections in the sample. 
For a more detailed discussion of the magnetic polaritons, let us return to Eq. 3.110 and let us assume A ~ 
0 and e" ~ 0. Instead of solving Eq. 3.110 for (n + i k) we leave the wavevector q in the form cq/(0 in this 
equation 


cV , (2 jiv fmr )“ M/Hq 

9 ^XX ' 9 9 

to (2 hv fmr ) — (ft) + L4) 


(3.112) 


and consider the resulting Eq. 3.112 as a dispersion relation co(q). Solving it for ft), we obtain two 
branches which are separated by a gap where no real solutions exist for Eq. 3.112. The boundaries of this 
gap are 

1) the FMR frequency: V FMR = (y a /2n) ^H 0 (H 0 +H a +M) (3.113) 

and 

2) the antiresonance frequency V AR =V FMR Jl + M/H 0 (3.114) 

where the FMR frequency corresponds to /Tiyn = (1 + X<tyn) —» 00 and the antiresonance frequency to 
,Udyn = (1 + /dyn) —> 0. In insulating ferromagnets like K 2 CuF 4 , the FMR is observed at v FMR while a 
resonance pattern is found at v AR for thin films of metals. For frequencies far away from v F m R and V AR , 
the solutions of Eq. 3.112 are electromagnetic waves (photons) and closer to these frequencies mixtures 
of photons and magnons, the magnetic polaritons. The experiments on K 2 CuF 4 were performed with a 
fixed frequency by varying the magnetic field. Consequently, the resonance field H res and the 
antiresonance field /7 ar have been evaluated for this frequency by means of Eqs. 3.113 and 3.114. They 
are indicated in Fig. 3.41 marking the polariton gap in which n and k assume extreme values while the 
transmission is practically zero. Electromagnetic waves with frequencies in this gap do not penetrate the 
sample but are mostly reflected giving rise to a “reststrahlenband” as the high reflectivity of alkali halides 
due to phonon polaritons has been called by Rubens. For normal incidence, the reflectivity R of K 2 CuF 4 
with the magnetic reststrahlenband has been measured with v= 66.82 GFlz for a sample of thickness 
d =0.11 mm at T = 4.2 K, see Fig. 3.42 (open circles). By means of Eq. 3.110, the optical constants n and 
k were calculated also for this case and finally the reflectivity of the sample (solid curve). The agreement 
between experimental and calculated data is good in Fig. 3.42 which exhibit the expected high reflectivity 
between H m and H les and outside this range some further structures again due to interferences from 
multiple reflections in the sample. The broken line in Fig. 3.42 shows the "ideal" reststrahlenband which 
would be obtained from a thick sample that only light reflected from the front surface is observed as 
usually in case of phonon-polaritons [74M1]. This case was simulated for K 2 CuF 4 by calculating R for 
normal incidence and d —> °o. This reststrahlenband extends actually from H m to H res and shows no other 
structures due to interferences. While magnetic polaritons have been studied in a number of 
antiferromagnets like FeF 2 , CoF 2 and La 2 Cu0 4 [78S7, 81S3, 82H8, 83B2, 83H5, 92K1], K 2 CuF 4 seems 
to be the only ferromagnet where the magnetic polaritons have been studied in such detail [84K2, 84K3]. 
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9.12.3.2.5 Parallel Pumping Experiments 

A special form of investigating magnetic systems with microwaves is the parallel pumping technique 
[60K1, 60K2, 60S]. Yamazaki has applied it to layered ferromagnets [73Y2, 74Y1, 76Y2, 76Y3]. This 
method is particularly suited for the experimental determination of the interlayer exchange constant J. In 
contrast to the ordinary FMR configuration with the oscillating microwave field It perpendicular to the 
static field H 0 , It is parallel to H n for parallel pumping. With this technique, two magnons with +q and -q 
are created in the process of absorption of microwave photons. In principle, this technique is similar to the 
two-magnon Raman line observed for many antiferromagnets like K 2 MnF 4 , K 2 NiF 4 , K 2 FeF 4 and K 2 CoF 4 
by Raman scattering (cf. Figs. 3.4 and 3.5 in Sect. 3.1.2). But with microwave photon energies, only the 
magnons for q | (0, 0, 1) can be excited in the quasi-2D ferromagnets. Assuming the magnetization M to 
be parallel to the .waxis and It and H 0 to be parallel to M, the interaction of the microwave field h with the 
spin system in a parallel pumping experiment can be described by [74Y1, 76Y2] 

7f' = galV?o-coscot ^ S qx (3.115) 


where h 0 is the amplitude of the microwave field with frequency ft). The theoretical treatment of parallel 
pumping proceeds with a rotation of the coordinate system from (x,y, z) to (|, r/, £) with x £, y | 
and z w) rj as in Sect. 3.2.1. Then, the spin operators S ix are converted to magnon creation and 
annihilation operators aj 1 " and a, or, after the Fourier transform, to a q and a q . Finally, the net absorption 
of energy per second becomes in the stationary state 


d W 
d t 


( 7 a ^ 0 ) 2 X 

q 


I g q I 2 j; y a AT7 q 

fiCO q " q (y a A// q ) 2 +(ft)-2ft) q ) 2 


(3.116) 


where tiCO q is the magnon energy for the spin wave with wavevector q, n q the thermal occupation number 

(« q = [exp (ti(O q / k B T) - hf 1 ), J a AH q the spinwave linewidth and its reciprocal (y a AH q y l the spin-wave 

relaxation time. The gyromagnetic ratio y a is again ,g ;u U H /ti as in Eqs. 3.105 and 3.106. The factor B q in 
Eq. 3.116 becomes in case of 1| (1,0, 0) 

2B q = g a \l B H A for ry || (1,0, 0) 

2B q =g a \i B {H A -M) for qr || (0, 1,0) (3.117) 

2B q = g a ll B (H A + M) for q \ \ (0, 0,1) 

With increasing microwave power, more and more magnons are created by parallel pumping. When the 
growth rate exceeds the decay rate due to relaxation of the system, the particular spin wave becomes 
instable and the corresponding instability threshold is usually expressed [74Y1] as the minimum threshold 
amplitude h 0 , c of the microwave field 


h oc = -— AH (3.118) 

’ l* q | q 

An example of the microwave absorption with /;„ above and below the threshold is shown in Fig. 3.43. 
The sample is K 2 CuF 4 at T= 1.31 K. The absorption is significantly larger for the incident microwave 
power P, above the threshold {PJPq =16 dB) than for R, below the threshold ( P, /P c = -4 dB) where F\ is 
the threshold power at H 0 = H\. The fields marked Il\, H 2 and IP, in Fig. 3.43 will be explained below. 


Landolt-Bornstein 
New Series III/27J3 






Ref. p. 328] 


9.12.3.2 Ferromagnets 


211 


The parallel pumping experiments are performed with a fixed pumping frequency ft) p by varying the 
applied magnetic field H 0 . The frequency of the parallel pumped magnon is ft) q = CO p I 2. Its wavevector 
can be calculated from the spin-wave dispersion relation using ft) q and H 0 . For this purpose, we have to 
use the complete dispersion relation fico(q) as derived in Eq. 3.71 (Sect. 3.2.1). Since fia> p /2 means a 

photon energy in the microwave range and the interlayer exchange field H E is extremely small, the 

magnons for q || ( 0 , 0 , 1 ) should be included for the whole range 0 <q z <c* with the approximation (cf. 
Eq. 3.71a) 




1 -cos 


«7z 

2 


= 2 H E sin 2 


c_q_ z 

4 


(3.119) 


while the terms with the large intralayer exchange field II E may be approximated as assuming 
orthorhombic crystal symmetry 


H e (1 ~Y q )~H E 


I 2 2 , , 2 2 ^ 
a q x +b q. 


(3.120) 


With these approximations and including the demagnetization corrections for H n || (1, 0, 0), i.e. H 0x = H 0 , 
we obtain for the magnon dispersion relation for K 2 CuF 4 and related Cu-compounds 


2 2 
® q =7a 


H F 


( 2 2 , , 2 2 
a q x + b q y 


+ 2H' e sin 2 * Cq ' 


+ H a + H 0 - N x M 



( 2 2 . , 2 2 l 


He 

a q x -to q y 

+ 2 H e sin~ 

c ^ z 1 4 - i-r. 4- 

4 

. I ' 77 A ^ n 0 lv ivi 

- 

V > 


V ) 


(3.121) 


where all fields are defined in Eq. 3.96, the demagnetization term with the magnetization M (= M x at the 
temperature T) in Eq. 3.92 and the gyromagnetic ratio in Eqs. 3.105 and 3.106. In his theoretical 
considerations for explaining the results of the parallel pumping experiments, Yamazaki has added to the 
usual Hamiltonian Eq. 3.69 for K 2 CuF 4 and other Cu-compounds the magnetic dipolar interaction 
Hamiltonian (see Eq. 3.8 in Sect. 3.1.2) and treated them separately. In order to obtain more lucid and not 
so complicated expressions for the magnon frequencies, we assume here as before in Eqs. 3.69 and 3.71 
(Sect. 3.2.1) the dipolar interactions to be included approximately in the anisotropy fields H A and H A . 
The next step is to include the other fields e, d. and b of the microwave wave, in addition to the pumping 
field h and to make use of the wave equation Eq. 3.46 as in the case of magnetic polaritons (see above). 
And finally, the pumping frequency ft) p or, more precisely, the magnon frequency ft) q = oo p /2 is inserted 
to Eq. 3.121 and the other resulting equations. Then the magnon dispersion relations can be calculated in 
an unusual way as wavevector q versus applied magnetic field H 0 . The result of such a calculation for 
iCCuF 4 is shown in Fig. 3.44a. There are three dispersion curves, namely one for 
q || (1, 0, 0), one for q || (0, 0,1) and one for q || (0,1, 0). The electromagnetic propagation effects are the 
origin of the different values H 0 of the three dispersion curves for q —> 0. Three characteristic values of 
Hq x are marked in Fig. 3.44 by /7 1; H 2 and // 2 . Comparison with the dispersion curves yields the following 
consequences for the parallel pumping process [74Y1, 76Y2] 
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preferably magnons with q || ( 0 , 0 , 1 ) are excited 

magnons are excited with q~ 0 and with q 
between the c-axis and the c-plane 

no magnons can be excited outside the range of dispersion curves 
The limiting values // b // 2 , and // 3 of H 0 can be calculated from the corresponding dispersion relations. 
They are solutions of the following equations [76Y3] 
a) for H 0 || ( 1 , 0 , 0 ) and q || ( 0 , 0 , 1 ) 


a) H t <H n < H 2 : 

b) H 2 <H 0 <H 3 
H 0 <H l 

c) H 0 >Hy. 


(ft) p / 2 ) 2 = [co (q = c *)] 2 = y 2 [2H E + H l - N X M + H A ]- [2 H' e + H x - N x M + H a +M ] 

(ft) p /2 ) 2 =[tu(ry->0 )] 2 = y 2 \H 2 -N X M + H A ]-\H 2 -N X M + H A + M] (3.122) 

b) for H 0 || (1, 0, 0) and q || (1, 0, 0) 

(®p/2 ) 2 = [co(q 0 )] 2 = yl [H 3 -N x M +H a ]-[H 3 -N x M +H a ] (3.123) 


The limiting field for // 0 || (1,0,0) and q || (0, 1,0) with q —> 0 is not of importance for the parallel 
pumping experiment but has been observed in FMR studies with optical detection [80B6]. It is the 
solution Hq of the following equation 

[C0(q -> 0 )] 2 = y 2 [H 0 -N X M + H a +M]-[H 0 -N x M + H a ] (3.124) 


The absorption of microwave energy in K 2 CuF 4 due to subthreshold parallel pumping is reproduced in 
Fig. 3.44b. The experimental points (°) agree very well with the theoretical curve (solid line). For 
comparison, also the magnon density of states (broken line) is shown in Fig. 3.44b. Also indicated are the 
fields H\, H 2 and // 3 which have been calculated by means of Eqs. 3.122 and 3.123 with the values of 

//[., H a , M for K 2 CuF 4 and with H A =0. The good agreement between calculated and experimental 
data in Fig. 3.44 demonstrates in a convincing way that the interpretation of the data is correct and that by 
subthreshold parallel pumping mostly magnons with q || (0, 0, 1) are excited because B q has largest value 
for (/1| (0,0,1) [cf. Eq. 3.117]. The magnon dispersion along q\\ (0,0,1) with H l <H 2 as shown for 
K 2 CuF 4 in Fig. 3.44a refers to H' e > 0 (ferromagnetic interlayer coupling). For (C 2 Fl 5 NF[ 3 ) 2 CuCl 4 with 
H e < 0 , i.e. antiferromagnetic interlayer coupling, this magnon branch is bended in the opposite direction 
resulting in //, >H 2 (cf. [74Y3, 76Y3]). Therefore, this method is very well suited for an experimental 
determination of the interlayer exchange field H E , positive or negative. By increasing the microwave 
power above the threshold level, the absorption is increased and also absorption is observed in the range 
H 2 <H 0 <H 3 as the experimental data show in Fig. 3.43. 

Such parallel pumping experiments for determining H' e have been performed for K 2 CuF 4 and for a 
number of other Cu-compounds, e.g. (C n Fl 2 n+ 1 NF[ 3 ) 2 CuCl 4 with n = 1 - 6 (see Table 5), and that for 
various temperatures below T c to determine H' E as a function of temperature [74Y1, 74Y3, 76Y2, 
76Y3]. Many other investigations by parallel pumping have been performed on K 2 CuF 4 and 
(CFl 3 NFl 3 ) 2 CuCl 4 . In studies at temperatures near and above T c [82Y1], it was found that the shape of the 
absorption curve changes from that determined by the density of states (Fig. 3.44b) to a more symmetric 
shape at T> T c . Since the threshold amplitude /? o c is proportional to the spin-wave linewidth A H q (Eq. 
3.118), AH q can be determined from the results of parallel pumping experiments [78Y1, 80Y2, 81Y, 
88Y1]. For (CiF^NF^CuCFi with a strong intralayer ferromagnetic exchange coupling and a weak 


Landolt-Bornstein 
New Series III/27J3 




Ref. p. 328] 


9.12.3.3 Doped and Mixed Systems 


213 


antiferromagnetic interlayer coupling, parallel pumping has been used to create antiferromagnetic spin 
waves at the Brillouin zone-boundary [83Y4, 87Y2]. Parallel pumping combined with FMR studies have 
revealed the complicated magnetic structure of (C 4 H 9 NH3) 2 CuC 1 4 [77Y2, 77Y3], namely a canting of the 
spins by ±17° away from the a-axis towards the Z>-axis in adjacent layers so that a weak ferromagnet 
moment results along the Z>-axis. With microwave powers above the threshold, the saturation of the 
pumped magnons has been studied [80Y1]. 


9.12.3.3 Doped and Mixed Systems 

9.12.3.3.1 Paramagnetic Centres in Diamagnetic Host Crystals 

This Section 3.3 is devoted to the special magnetic properties of doped and mixed crystals within the 
family of perovskite-type layer structures A 2 MX 4 . We recall from the introduction (Sect. 1.3) that we are 
considering here doped and mixed systems of the type A 2 M x M 1 _ x X 4 with two different divalent ions 

M 2+ and M 2+ . And these solid solutions are called diluted systems when, for example, M 2+ is a 
paramagnetic ion and M 2+ is a diamagnetic one. At first, we will focus our attention to extreme 
dilutions, namely diamagnetic host crystals A 2 MX 4 doped with a small amount of paramagnetic ions 
M 2+ , i.e. concentrations x«l. That means we are dealing with magnetic systems far beyond the 
percolation limit x p (see next section) above which 3D long-range magnetic order (LRO) is observed. For 
such small values of the concentration x, single paramagnetic ions M 2+ in a diamagnetic environment are 
the most probable case with a probability of x • (1 -x) 4 on a square lattice while the probability for a pair 
of paramagnetic ions on nearest neighbour sites is 4 x 2 -(l-x) 6 [58B, 65K]. It follows from these 
relations that for concentrations x = 0.01 most of the paramagnetic ions M 2+ form isolated impurity 
centres which can be called paramagnetic centres in the diamagnetic host crystals A 2 MX 4 . In these 
mixed crystals, the M 2+ -ions like Mn 2+ , Fe 2+ , Co 2+ etc. replace the M 2+ -ions like Mg 2+ , Zn 2+ , Cd 2+ etc. 
substitutionally. Sometimes, the host crystals A,MX 4 are doped with trivalent ions M 3+ like Cr 3+ , Fe 3+ , 

Gd 3+ etc. which form also paramagnetic centres on regular M 2+ -sites which have mostly associated 
defects for compensation of the extra electrical charge (see below). The following paramagnetic centres 
have been studied by various experimental and theoretical methods 

K 2 MgF 4 : Cr 3+ [82T4, 88A9], Mn 2+ [6002, 70S5, 73S1, 74N2, 95Z2], Co 2+ [92M6], 

Ni 2+ [69Y, 70Y2, 95Z2] 

Rb 2 MgF 4 : Cr 3+ [88A9], Mn 2+ [73S1, 74N2] 

K->ZnF 4 : Cr 3+ [82T4, 83T6, 88A9], Mn 2+ [68R, 72F2, 73F2, 73S1, 95Z2], Fe 2+ [88V1], Co 2+ [68F2], 
Ni 2+ [72 Y5, 84L1, 95Z2], Cu 2+ [79K2, 86R3] 

Rb 2 ZnF 4 : Cr 3+ [86A4, 88A9], Mn 2+ [73S1], Fe 3+ [91T1], Cu 2+ [79K2], Gd 3+ [96A] 

K 2 CdF 4 : Cr 3+ [88A8], Mn 2+ [73S1] 

Rb 2 CdF 4 : Cr 3+ [86A4, 88A9], Mn 2+ [73S1], Fe 3+ [91T2], Gd 3+ [87T, 96A] 

Cs 2 CdF 4 : Cr 3+ [86A4, 88A9], Gd 3+ [87T, 96A] 
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such small values of the concentration x, single paramagnetic ions M 2+ in a diamagnetic environment are 
the most probable case with a probability of x • (1 -x) 4 on a square lattice while the probability for a pair 
of paramagnetic ions on nearest neighbour sites is 4 x 2 -(l-x) 6 [58B, 65K]. It follows from these 
relations that for concentrations x = 0.01 most of the paramagnetic ions M 2+ form isolated impurity 
centres which can be called paramagnetic centres in the diamagnetic host crystals A 2 MX 4 . In these 
mixed crystals, the M 2+ -ions like Mn 2+ , Fe 2+ , Co 2+ etc. replace the M 2+ -ions like Mg 2+ , Zn 2+ , Cd 2+ etc. 
substitutionally. Sometimes, the host crystals A,MX 4 are doped with trivalent ions M 3+ like Cr 3+ , Fe 3+ , 

Gd 3+ etc. which form also paramagnetic centres on regular M 2+ -sites which have mostly associated 
defects for compensation of the extra electrical charge (see below). The following paramagnetic centres 
have been studied by various experimental and theoretical methods 

K 2 MgF 4 : Cr 3+ [82T4, 88A9], Mn 2+ [6002, 70S5, 73S1, 74N2, 95Z2], Co 2+ [92M6], 

Ni 2+ [69Y, 70Y2, 95Z2] 

Rb 2 MgF 4 : Cr 3+ [88A9], Mn 2+ [73S1, 74N2] 

K->ZnF 4 : Cr 3+ [82T4, 83T6, 88A9], Mn 2+ [68R, 72F2, 73F2, 73S1, 95Z2], Fe 2+ [88V1], Co 2+ [68F2], 
Ni 2+ [72 Y5, 84L1, 95Z2], Cu 2+ [79K2, 86R3] 

Rb 2 ZnF 4 : Cr 3+ [86A4, 88A9], Mn 2+ [73S1], Fe 3+ [91T1], Cu 2+ [79K2], Gd 3+ [96A] 

K 2 CdF 4 : Cr 3+ [88A8], Mn 2+ [73S1] 
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Rb 2 MgCl 4 , Rb 2 MgCl,Br, Rb 2 MgCl 2 Br 2 : Mn 2+ [73W1] 

Rb 2 CdCl 4 : Mn 2+ [82P1, 85A1] 

Cs 2 CdCl 4 : Cr 3+ [81K12] 

Let us first discuss the centres with divalent paramagnetic ions. They have mostly been studied by 
electron paramagnetic resonance (EPR), some also by electron-nuclear double resonance (ENDOR) and 
by magnetic measurements. The experimental data usually analyzed on the basis of a spin Hamiltonian 
which is similar to the Hamiltonians for ferro- or antiferromagnets introduced in the previous sections, cf. 
Eqs. 3.33-3.35 (Sect. 3.1.5), Eq. 3.40 (Sect. 3.1.6) and Eqs. 3.81, 3.86 (Sect. 3.2.2) 


x = g^ B H z S z + g ± p B (H X S X + H y Sy) + D [s 2 z - \s (S +1)] + E (S 2 - S 2 ) 
+ A hf S z I z + B h f ( S X I X + Syly ) - gi p N // / + higher order terms 


(3.125) 


Of course, the Heisenberg-type exchange interaction is missing in Eq. 3.125 for an isolated paramagnetic 
impurity, also a magnetic field arising from dipolar interactions. The crystal field or anisotropy terms with 
D and E have the same meaning as in Eq. 3.40. That with D is completed here to the form of the Stevens 
operator equivalent [64H]. That with E is only needed for centres with orthorhombic symmetry but not 
for those with tetragonal one. The terms with A h{ and B hl - describe the hyperfine coupling between 
electronic spin S and nuclear spin I. In addition to the Zeeman term for the electronic spin, there is an 
analogous term for the nuclear spin in Eq. 3.125. The coupling between S and H is appropriate for the 
description of EPR experiments while that between / and H is needed for describing NMR or ENDOR 
studies [73S1]. For reasons of more lucidity, the higher order terms are not reproduced here. The 
interested reader will find them in [72F2, 73S1, 74N2]. 

As an example of an EPR investigation [82P1], the EPR spectrum of isolated Mn 2+ in 
Rb 2 Mn 001 Cd 0 . 99 Cl 4 for // u || c at room temperature is presented in Fig. 3.45. The spin values of Mn 2+ are 
S = 5/2 and 1 = 5/2. Instead of one EPR line expected if J-C would consist only of the first two terms, a fine 
structure of five groups of lines is caused by the axial crystal field (parameter D ), and each group is split 
into six lines by the hyperfine interaction (parameter A h{ in this case). And such investigations are the 
appropriate tool for the determination of the values of the parameters in the spin Hamiltonian Eq. 3.125. 
The values of D derived for a variety of host crystals span a relatively wide range. Schrama has obtained 
from ENDOR experiments at 4.2 K for Mn 2+ [73S1] the following values for D (host crystals in 
parentheses): 

D [cm" 1 ] = +0.0108(5) [FLMgF 4 ], +0.00626(5) [K,ZnF 4 ], +0.00212(10) [K 2 CdF 4 ], 

-0.00532(5) [Rb 2 MgF 4 ], -0.00814(8) [Rb 2 ZnF 4 ], +0.00602(7) [Rb 2 CdF 4 ] 

Larger values of D have been determined by EPR for isolated Ni 2+ [70Y2, 72Y5] 

D [cm' 1 ] = -0.352(1) [K 2 MgF 4 ], -1.25(1) [K 2 ZnF 4 ] 

The tetragonal anisotropy proportional to D is related to a deformation of the ideally regular octahedron 
of F" ligands at the paramagnetic centre [95Z2]. This is a local distortion different from the tetragonal 
distortion of the host crystals which can be calculated from the data for n P and r op (cf. Eqs. 2.1 and 2.2 in 
Sect. 2.1.1) in Table 3. If we define tg a = ri P /r op the distortion is a- a 0 where a 0 = 45° is the value of 
the regular octahedron (r lp = r op ). Thus a-a 0 >0 means that the octahedra are compressed and 
a - CCq<0 that they are elongated. The data in Table 1 of [95Z2] show that the local distortion in the 
immediate environment of the paramagnetic impurity is strongly influenced by the behaviour of the same 
M 2+ -ion in the pure crystal A 2 MX 4 but there is also some influence of host crystal with its tendency for 
compressing or elongating the octahedra. The results for D of Mn 2+ paramagnetic centres have further 
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initiated some theoretical calculations of D taking into account the overlap contributions to the axial field 
[73F2, 74N2]. For this purpose, the hyperfine interaction with the ligand nuclei is added to the spin 
Flamiltonian. For more details of the interpretation of EPR spectra from ions with an S-state, the reader is 
referred to the review of Newman and Urban [75N]. In systems with a somewhat higher impurity 
concentration x, also EPR signals are found which can be attributed to pairs of paramagnetic ions. So 
Ni 2+ -pairs were identified in K 2 MgF 4 and K 2 ZnF 4 [70Y2, 72Y5]. The theoretical description needs then a 
spin Flamiltonian like Eq. 3.125 for each paramagnetic ion and an exchange coupling term 

2JS 1 S 2 or 2J 2 S\S 2 (3.126) 


where J is, as defined in Sect. 3.1.2 (Eq. 3.2), the exchange constant for nearest neighbours in the layers 
and J 2 that for next nearest neighbours in the layers. Since J corresponds to 1148 GHz in K 2 NiF 4 (cf. 
Table 5), the quantum energy of the source for the EPR study (v = 9.25 GHz) is not sufficient to observe 
the signal of nearest neighbour pairs but only that of next-nearest neighbour pairs with the much smaller 
J 2 . The analysis of the EPR signal from these Ni 2+ -pairs in K 2 MgF 4 yields J 2 = 0.22 cm 1 corresponding 
to 6.16 GHz. But measurements of the magnetic susceptibility % of K 2 Ni x Mg!_ x F 4 with x = 0.042, 0.087, 
0.120 [69Y] have provided also an information about J of isolated nearest neighbour pairs, namely 
J = 44.66 cm 1 corresponding to 1250 GHz. If however EPR experiments, e.g. Rb 2 Co 0 3 Mg 0 7 F 4 [92M6], 
are performed with much higher frequencies at much higher pulsed magnetic fields 
[220 GHz< v<762 GHz] and [0<7/ 0 <llT], absorption lines are found which are ascribed to single 
Co 2+ -ions, to Co 2+ nearest-neighbours pairs, and for x = 0.3 also to trimers of Co 2+ -ions. 

Let us turn now to the centres with trivalent paramagnetic ions which replace substitutionally 

diamagnetic M 2+ -ionsso that a charge imbalance results. This leads to centres mostly with a charge 
compensation that involves also some neighbouring sites. For M 3+ -kms like Cr 3+ , Fe 3+ and Gd 3+ in an 
A 2 MX 4 host crystal, the following centres can be distinguished 

centre I: isolated M 3+ -k>n, no charge compensation 

centre II: vacancy V A at an A-sitc nearest to the M 3+ -impurity 

centre III: vacancy V vl at a M 2+ - site nearest to the M 3+ -impurity 


centre IV: in samples co-doped with Li + or Na + at a M 2+ - site nearest to the M 3+ -impurity 
centre V: 0 2_ -ion at a X“-site nearest to the M 3+ -impurity 


Some of these centres are illustrated in Fig. 3.46, namely centres I, III and V. The drawings in Fig. 3.46 
show that the symmetry of these centres is lowered for reasons of the associated defects. While centre I 
has usually tetragonal symmetry with some deformation of the octahedron along the z-axis, centres III, IV 
and V have at most orthorhombic symmetry. For a centre II system, Fe 3+ in Rb 2 ZnF 4 , monoclinic 
symmetry has been reported [9 IT 1]. The principal z-axis of the centre is canted away by 7° from the 
crystalline c-axis. The analysis of the experimental results for the trivalent centres is also based on a spin 
Hamiltonian similar to that in Eq. 3.125. Often, a socalled spin Hamiltonian separation analysis is 
performed, see for example Takeuchi et al. and Arakawa et al. [86A4, 87T, 88A9, 91T1, 96A]. Rudowicz 
[88R1, 88R2] has shown this method to be a particular case of a more general model, namely his net 
charge compensation model (NCC). For the details of the analysis and the interpretation of the 
experimental data, the reader is referred to the references. Centres with trivalent ions like Cr 3+ - Li + (centre 
IV) and Gd 3+ - O 2 (centre V) occur also in fluoride perovskites, see for example [80B11, 84T1], and the 
results may be compared to those for fluoride perovskite-type layer structures. A comparison of the data 
of Cr 3+ - V M and Cr 3+ - Li + , centres III and IV, resp., in a large variety of AMX 3 and A 2 MX 4 host 
crystals allows the determination of host lattice effects [88A9]. 
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At the end of this section, it is perhaps worth to mention that EPR studies on paramagnetic centres are 
not only performed in order to determine g-factors and anisotropy or crystal field parameters but that they 
are also a useful tool for investigations involving lattice vibrations and arrangement or canting of the 
octahedra. For example, Witteveen and Reedijk [73W1] were able to show by means of EPR experiments 
on Mn-doped mixed crystals Rb 2 MgCl 4 _ x Br x with x = 0, 1,2 that the Br -ions are located preferably at 
out-of-plane X“sites and that only MnGlg and MnCl 4 Br 2 octahedra are found in the mixed crystals. 
Further, Riley et al. [86R3] have studied the effect of vibronic coupling on the EPR spectra of isolated 
Cu 2+ -ions in K 2 ZnF 4 . That means a coupling of the electronic states of the Cu 2+ -ion to the typical Jahn- 
Teller modes. Thus, the results provide information about the Jahn-Teller effect [79R1] which becomes a 
collective one in concentrated Cu-compounds like K 2 CuF 4 . Similarly, the vibrational effects on the 
magnetic properties of Fe 2+ in K 2 ZnF 4 were studied by 57 Fe Mossbauer and magnetic measurements 
[88V 1 ]. The coupling of a paramagnetic centre to the static and dynamical properties of the host lattice 
makes the centre a sensitive probe for structural phase transitions. Therefore, these can be studied by EPR 
on appropriate paramagnetic centres, for a review see [91M2], A famous example are Fe 3+ -V 0 centres in 
SrTi0 3 , i.e. Fe 3+ on Ti 4+ sites and a vacancy at a nearest 0 2_ -site, where EPR provides a probe [71M3] to 
determine the temperature dependence of the order parameter, i.e. the canting angle of the octahedra, 
below the continuous phase transition at 105.5 K. Results of studying structural phase transitions by EPR 
on paramagnetic centres are also available for perovskite-type layer structures, namely on Mn 2+ in 
Rb 2 CdCl 4 [85A1] with information about the structural phase transition at T c = 142.8 K (cf. Table 4) and 
on Cr 3+ -V M centres in K 2 CdF 4 [88A8] with the indication of a structural phase transition at T c ~ 376 K. 


9.12.3.3.2 Magnetic Ordering in Diluted Systems 

Let us now consider dilutions A 7 M x Mf_ x X 4 over a wide range of concentrations 0 < x < 1. The properties 

of dilute magnets have been reviewed by Stinchcombe [83S10]. Where samples can be grown over a wide 
concentration range, such mixed crystals were studied comprehensively by various methods as the 
following examples will show 

Rb 2 Mn x M gl _ x F 4 [76K6, 77C3, 77C7, 80B1, 84B4] 

K 2 Fe x Z ni _ x F 4 [85Dl, 86D5] 

Rb 2 Co x M gl _ x F 4 [7813, 78S4, 7911, 7912, 7913, 80C1, 8112, 84B4] 

K 2 Cu x Z ni _ x F 4 [78W1, 79W3, 80H10, 8002, 8003, 81T2, 87J2, 89A2] 

In these compounds, three-dimensional (3D) long-range magnetic order (LRO) occurs only if the 
concentration x is above the critical percolation concentration x p , i.e. the minimum concentration for 
which the magnetic ions can form an infinite cluster via their exchange interactions. For x<x p , the 
magnetic ions form only finite clusters and no longer an infinite one. A number of reviews deal with the 
percolation problem and with percolation theory, summarizing the earlier work [71S3, 72E, 73K5], and 
presenting more recent results [79S7, 80E3, 85S2, 92S6, 94N]. The value of x p depends only on the 
topology of the lattice and not on the type of interactions [60E]. Therefore, the value is the same for Ising- 
and Heisenberg-type interactions, for ferro- and antiferromagnets. But there are two types of dilution, 
bond-dilution where single bonds are removed and site-dilution where lattice particles are removed. This 
is illustrated for the square lattice in Fig. 3.47 which shows that only the site-dilution applies to the 
diluted magnets where a magnetic ion is removed with all four bonds (exchange interactions) while the 
removal of one exchange interaction (bond) is not appropriate for our problem. Estimates and theoretical 
values for x p have been obtained by various methods, e.g. Monte Carlo simulations [61F, 86K7, 89Y4, 
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92Z3], series expansions [64S2, 76S8, 76S10], renormalization group [78R3] and an experimental study 
[74W4]. The most recent and most accurate value of x p is for site-dilution on the square lattice limiting 
the interactions to nearest neighbours [92Z3] 

x p = 0.5927460(5) (3.127a) 

and if also interactions between next nearest neighbours are included [66D1] 

x p (l, 2) = 0.410 (3.127b) 

We recall from Sect. 3.1.1 that the intralayer nearest neighbour exchange interaction is the dominant one 
in perovskite-type layer structures. Therefore, the percolation limit is given by Eq. 3.127a for these 
compounds. But for the collective Jahn-Teller effect and orbital ordering, e.g. in Cu-compounds, also next 
nearest neighbours have to be taken into account, and thus Eq. 3.127b is appropriate for this case (cf. 
[83H1, 86H1, 87J2, 87M1] and discussion in Sect. 2.1.5). For comparison, the value for site-dilution on a 
simple cubic lattice (only nearest neigbour interaction) is [88Z2, 90C2] 


x p = 0.311605(10) (3.127c) 

In cubic perovskites, the magnetic ions form a simple cubic lattice and Eq. 3.127c applies to them. For 
other lattices (3-6 dimensions), values of x p are found in original papers [64S2, 73K4, 76K7, 76S9, 81H5, 
83G2] and in tables of reviews [77M3, 79S7, 83S10, 9211, 94N], 

In diluted magnets with x > x p , the onset of LRO is below a critical temperature T c (x) which depends 
on the concentration x. 7^(1) is the critical temperature of the pure system and, for x —» x p , T c (x) 
approaches zero. For the diluted antiferromagnets K 2 Mn x Mg|_ x F 4 , KMn x Mg|_ x F 3 and K 2 Co x Mg 1 _ x F 4 , the 
Neel temperatures were determined from magnetic measurements [70B5, 73B6]. The results are shown in 
Fig. 3.48 as 7’ N (x)/7’ N (l) versus concentration x. For high concentrations x, the decrease of 7’ N (x)/7’ N (l) is 
almost linear but with a slope different for all three compounds. As expected, the experimental data are 
consistent with 7’ N (x)/T K ( 1) —> 0 at the corresponding percolation limit marked x p (2D) and x p (3D) for the 
square lattice and the simple cubic lattice (cf. Eqs. 3.127 a, c), respectively. The slope of the initial linear 
part of r N (x)/r N (l) is called the initial gradient 7 g and is defined by 


j _ i feM l 
S T c (l) { dx J x=1 


(3.128) 


where the more general critical temperature T c is used instead of the Neel temperature T N for an 
antiferromagnet. With 7 g , the initial linear part of 7’ c (x) can be written as [75F3] 

7c(x) = 7c(l) [1 -7 g (1 — x)] (3.129) 

The experimental data in Fig. 3.48 [70B5] yield the following values for7 g (cf. Table 5): 


K 2 Mn x Mg!_ x F 4 

4 = 3-0(7) 

(2D Heisenberg) 

KMn x Mg!_ x F 3 

7 g = 1.33(10) 

(3D Heisenberg) 

K 2 Co x Mg!_ x F 4 

4= 1.6(1) 

(2D Ising) 


These data show that 7 g depends not only on the lattice as x p but also on the type of interactions where we 
recall from Sects. 3.1.2 and 3.1.9 that Mn-compounds behave Heisenberg-like and Co-compounds Ising- 
like. Similar experimental data were obtained by a variety of experimental methods like neutron 
diffraction, magnetization measurements, magnetic resonance studies, Mossbauer investigations for the 
following diluted systems (see Table 5) 
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Rb 2 Cr 0 73 Mg 0 27 C1 4 , T c = 42 K [86F1], RboCr.Cd^C’U [82K6], 

Rb 2 Mn x Cd|_ x CI 4 [84E, 84P, 87G3, 89B4], K 2 Fe x Z ni _ x F 4 , 7 g = 2.4(2) [85D1], 

Rb 2 Co x M gl _ x F 4 ,7 g = 1.95(5) [78S4], Rb 2 Ni x Z ni _ x F 4 [84D2, 85D2], 

K 2 Cu x Z ni _ x F 4 , 4 = 2.0 [80H10], 7 g = 3.0 [8002] 

The initial gradient 7 g was also object of a number of theoretical treatments with the aim of obtaining 
theoretical values for 7 g . Among other methods, the concentration expansion method was applied to 2D 
Ising-model diluted ferromagnets [7713, 7814]. This technique is based on a series expansion of the 
susceptibility of diluted ferromagnets with respect to the concentration x of magnetic ions for both, Ising 
and Fleisenberg spin \ systems [62E, 63H] 


*(r) = X N A na x n (l-x) m Xaa (T) (3.130) 

n, a 

where ;^ na (7j * s the susceptibility per atom of a particular n-ion cluster. It is defined here as n magnetic 
ions so arranged that each one is connected by a nearest neighbour exchange interaction to at least one 
other ion of the cluster but has no connection to any of the other (Ax - n) magnetic ions. The subscript a 
is used to distinguish between different types of n-ion clusters. In Eq. 3.130, N is the total number of 
magnetic ions, A na is the number of ways in which the n-ion cluster (type a) can be implemented. 
Further, x n is the probability for an n-ion cluster and (1 -x) m the probability for the appropriate number m 
of diamagnetic ions for isolating the cluster from the other magnetic ions. These probabilities are listed 
for some lattices, including the square lattice, in [63H, 65K]. For example, the probability for a pair of 
magnetic ions surrounded by diamagnetic ions on the square lattice is 4 • x 2 • (1 -x) 6 as already mentioned 
in the last section. By rearranging (1 -x) m in powers of x, we obtain finally for the susceptibility %(T) a 
power series in x [62E, 63H] 


ZCO = ZoX ^ a n (T)x n 

n = 0 


(3.131) 


where Xo = ®T is the susceptibility of a noninteracting system (Curie law, cf. Eq. 3.25 in Sect. 3.1.3). By 
means of an expansion like Eq. 3.131, Idogaki and Uryu [7713, 7814] calculated 7’ N (x)/7’ N (l) for an Ising 
system and achieved good agreement with the experimental data for K 2 Co x Mg!_ x F 4 [70B5] and 
Rb 2 Co x Mg[_ x F 4 [78S4], see Fig. 2 in [7814] and Fig. 2 in [78S4]. The expansion Eq. 3.131 has been 
extended to include not only the dominant exchange interaction but also anisotropy and contributions 
from further neighbour interactions [7713, 7814]. For calculating the initial gradient 7 g , also high 
temperature series expansions (h.t.s., cf. Eqs. 3.26 and 3.27 in Sect. 3.1.3) have been used [72R]. By 
means of a random-phase-approximation theory, McGurn [79G8] has calculated 7 g for diluted 
antiferromagnets on various lattices varying the anisotropy from the Fleisenberg to the Ising model. In the 
limiting cases, he obtained 


for the 2D Fleisenberg model (square lattice) 


7 g = Jt = 3.142 


for the 2D Ising model (square lattice) 


7 g = 1.33 


for the 3D Fleisenberg model (simple cubic lattice) 7 g = 1.68 
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Comparing these results with the experimental data in Fig. 3.48, we find good agreement for 
K 2 Mn x Mg]_ x F 4 (2D Fleisenberg) but a not so good one for KMn x Mgj_ x F 3 (3D Fleisenberg) and 
K 2 Co x Mgi_ x F 4 (2D Ising). Many other calculations [74F15, 78D4, 78Y4] also yield values 7 g ~ 1.33 which 
are too small in comparison to the experimental data 1.6 and 1.95. One reason for this discrepancy may be 
that the transverse spin components cannot be neglected completely as in the ideal Ising model but that a 
strongly anisotropic Heisenberg model (cf. Eq. 3.62 in Sect. 3.1.9) would be more appropriate. For 
example, the theory of McGurn [79G8] yields the larger value 7 g =1.43 for J± 0 and the ratio 
J±/J\\ ~ 0.55 corresponding to K 2 CoF 4 and Rb 2 CoF 4 . In case of the easy-plane system K 2 Fc x Zn, _ x F 4 . the 
theory yields with the anisotropy corresponding to pure K 2 FeF 4 7 g = 2.2 which is in good agreement with 
the experimental data. Based on the exact results for the 2D Ising model of the pure system which are 
outlined in Sect. 3.1.9 and in more detail in Sect. 4.1.2, Thorpe and McGurn [79T3, 80T6] have derived a 
model for the diluted 2D Ising model by means of an effective medium theory where the boundary 
between paramagnetic and antiferromagnetically ordered phase in the ( I , x)-plane, i.e. T' N (x), is obtained 
in analytic form [80T6] 


= K c ] Ar tanh 

T’n(I) 


tanh K c 

1 —(1 - x )/ tf 0 


-l 


(3.132) 


where 


^c=^||/f^N(1)] = ^ln (V2+1) 


[cf. Eq. 3.67 in Sect. 3.1.9] 


and 


q 0 =^-(1+V2’/jt) = 0.725079... 


The data calculated by means of this model are, on the whole, somewhat larger than the experimental results 
for Rb 2 Co x Mgj_ x F 4 (see Fig. 1 of [80T6]). And the decrease of the experimental data is for decreasing x 
with I g = 1.95 larger than the theoretical ones with initial gradient 7 g = si nil 2K C I (2q (} K c ) = 1.565. This may 
again be due to neglecting the transverse spin components and/or due to the approximations made in the 
model. The larger 7’ N (x) and the correspondingly smaller 7 g lead to x p = 0.575, setting 7 N (x) = 0 in Eq. 
3.132, instead of 0.593 ofEq. 3.127a. 

For a 2D Ising dilute ferromagnet, Monte Carlo simulations [76C4, 76S11] have been performed for 
x = 0.7, 0.8, and 0.9 with calculation of the magnetic energy U m agn , the magnetic contribution to the 
specific heat C ma gn, the magnetization M (order parameter) and the magnetic susceptibility For the pure 
system, i.e. for the 2D Ising model, Cmagn and x will be discussed in detail in Sect. 4.1.2 (cf. Eqs. 4.4, 4.6, 
4.1 and 4.8, resp.). Here it is only mentioned that these two response functions exhibit for the pure system 
(x = 1) a singularity at T c (l). At first, all results of the Monte Carlo study reflect the decrease of 7 c (x) for 
decreasing x with initial slope 7 g = 1.47(5). Further, C ma g n and % show for x = 0.7 a broad maximum near 
7 C (0.7) and no singularity as for the pure system and for small dilutions. Experimental results are 
available for C mag n of the diluted Ising-like antiferromagnetic system Rb 2 Co x Mg|_ x F 4 (0.5 < x < 1.0) and 
of the diluted ferromagnetic system K 2 Cu x Znj X F 4 (0.26 < x < 1.0). The results on Rb 2 Co x Mg|_ x F 4 [78S4] 
show for 0.9 < x < 1.0 a sharp peak at 7’ N (x) indicating a symmetric logarithmic singularity as expected for 
the 2D Ising model (cf. Eq. 4.6 in Sect. 4.1.2). For 0.8<x<0.9, a cusp is resolved in the experimental 
data with a maximum which broadens and shifts to lower T with decreasing concentration x. For x = 0.5, 
0.6, 0.7 near the percolation limit, no apparent peaks of C magn could be observed in the experimental data. 
Thus, the experimental data show the same trend as the Monte Carlo results [76C4], but the decay of the 
sharp peak at 7\ with decreasing x seems to be steeper in the experimental than in the Monte Carlo data. 

The magnetic contribution C ma gn to the specific heat of K 2 Cu x Zn, _ X F 4 has been studied by specific 
heat measurements [81T2] for concentrations x above and below the percolation critical concentration x p . 
Some of the results for low temperatures (0.3 K < T< 4.7 K) are reproduced in Fig. 3.49. The 
experimental data for x = 1.0 (pure K 2 CuF 4 ) show an increase of Cmagn up to 2 K linear in T (see line in 
Fig. 3.49) in accordance with the theory for a 2D Heisenberg ferromagnet (cf. Eq. 3.79 in Sect. 3.2.1). 
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Above 2 K, there is an enhanced increase due to the influence of a term quadratic in T as discussed 
already at the end of Sect. 3.2.1 (cf. Eq. 3.80). Outside the temperature range of Fig. 3.49, C mag n of 
K 2 CuF 4 shows a sharp peak at T c = 6.25 K and reaches a broad maximum at 9 K [81T2]. Completely 
different are the data for x = 0.59 = x p and the solid curve for x = 0.59 agreeing quite well with the 
experimental data is the result of a calculation of Cmagn for a one-dimensional (ID) S= j Heisenberg 

femomagnet by Blote [75B9], adapting it to Fig. 3.49 by using J= 11.36 K = 11.4 K (pure K 2 CuF 4 , cf. 
Table 5). For small temperatures (0 <T< 0.4 K), his tabulated data are complemented by the standard 
result of spin-wave theory for a ID Fleisenberg ferromagnet (cf. Eq. 3.79 in Sect. 3.2.1) 

Cmagn/R = 0.5527 (k B T/J) m (3.133) 

where Blote found the prefactor too large and reduced it to 0.3908 for a better agreement. Other 
calculations of C mag n [64B] yield a similar prefactor 0.42. In Fig. 3.49, the increase ~ T 1 2 is followed by a 
broad plateau at temperatures above 0.4 K. For a better understanding of the agreement between the 
calculated ID data and the experimental ones of a 2D system near the percolation threshold, Fig. 3.50 
presents a computer simulation for a diluted system A 2 M x Mj_ 4 X 4 with x = 0.50 just below x p . The 

simulation is performed for site-dilution on a square lattice. Only the paramagnetic M 2+ -ions and their 
connections via exchange interactions are shown in Fig. 3.50 providing an impression of the shape and 
the number of finite clusters near x p . As confirmed by many experimental data and theoretical 
considerations [75D3, 75S3, 75S4, 76B7, 76S7, 80B1, 80C1], the average coordination number of the 
M 2+ -ions in these clusters in Fig. 3.50 is close to two, i.e. that of a linear chain. Correlations and magnetic 
ordering via the exchange interactions depend strongly on a large number of ID links because the clusters 
are highly ramified. It is therefore justified to compare the experimental data of diluted systems with x = 
x p to the theoretical predictions for a linear chain [72G3]. Finally, the remaining Cmagn data for x = 0.68 
and x = 0.80 show an increase with temperature similar to that of pure K 2 CuF 4 and exhibit a strongly 
broadened peak at r c (0.68) = 1.4(2) K and T c (0.80) = 3.1(1) K, respectively. The data for x = 0.36 below 
the percolation threshold show a broad plateau with an increase at lower temperatures similar to that for 
x = 0.59. These features are ascribed to the contributions of finite clusters to C magn [81T2]. Further 
information about C mag n of the diluted system K 2 Cu x Zn|_ 4 F 4 originate from linear magnetic birefringence 
(LMB) studies [87J2] where the birefringence results from magnetic phenomena. Jahn [73J2] has 
demonstrated convincingly in his pioneering work that Cmagn cannot be obtained only by specific heat 
measurements but also by LMB studies and that the result An of a LMB measurement is proportional to 
the magnetic energy Cmagn, possibly with an additive constant. And its derivative with respect to T is 
proportional C magn : 


LMB: d(A«)/dr~ Cmagn (3.134) 

The results of the LMB study confirm those of the specific heat measurements. Especially for x = 1 and 
x = 0.60, they also represent the magnetic specific heat of a 2D and a ID Fleisenberg ferromagnet, resp., 
as shown in Eqs. 3.79 and 3.80 (Sect. 3.2.1) and in Eq. 3.133, see also [64B, 72G3, 75B9]. 

The magnetic contribution to the specific heat C mag n is one of the response functions which show a 
singularity at T c in the pure system, and the magnetic susceptibility % of a femomagnet another one as 
already discussed in context with the Monte Carlo simulation for diluted systems [76C4]. Also 
susceptibility data are available for the diluted system K 2 Cu x Zn[_ x F 4 . Okuda et al. [8002, 8003] have 
determined %(T) for H 0 _L c, i.e. H 0 parallel to the easy plane. Their results may be summarized as follows 

x = 0.68 > x p : %(T) diverges at T c =1.1 K 

x = 0.60 = x p : x(T) shows the behaviour of X \id T), the susceptibility of a ID system 
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x = 0.50 < x p : x(T) deviates from both, % = CIT (Curie law) and Xid 
x = 0.40 « x p : x(T) = Xo = CUT (Curie law) 

That means, there is a transition to LRO for x = 0.68 as expected. Near the percolation threshold, also the 
susceptibility can be described in terms of X\d of a one-dimensional system. And the dilutions with 
concentrations below x p exhibit more and more with decreasing x the susceptibility of a paramagnet 
(Curie law), i.e. that of a noninteracting system, where the Curie constant C is defined in Eq. 3.25 (Sect. 
3.1.3). The magnetic susceptibility X\d °f a linear Heisenberg ferromagnet was derived by several authors 
[64B, 64F2, 68S4, 72G3]. Okuda et al. [8003] find that their experimental data for x = 0.60 agree 
excellently very well with the exact theoretical result of Bonner and Fisher [64B] using for the g-factor 
and the exchange parameter J the values of pure K 2 CuF 4 (g a = g b = 2.284 = 2.30, J= 11.36 K = 11.4 K, 
cf. the data for K 2 CuF 4 in Table 5) 


Zid = Zo-V +{k B TIJ)-*] (3.135) 

where the value of r) may range from 0.8 to 1.0. For the temperature range of the study of 
*(0 < T< 25 K), there is little effect of varying ft and no information can be gained about the value of fr 
from a comparison of calculated and experimental data. 

Next, let us turn to nuclear magnetic resonance (NMR) and Mossbauer investigations of diluted 
magnets. In Sect. 3.1.3, the sublattice magnetization M subl (7), the order parameter of an antiferromagnet, 
has been introduced (cf. Eq. 3.18) and its determination for pure antiferromagnets by neutron diffraction 
and by NMR. It was shown there that A/ Subl is proportional to the square root of the intensity of an 
antiferromagnetic superreflection as shown in Fig. 3.15 (Sect. 3.1.5) for K 2 FeF 4 . On the other hand, 
M sM (T)/M^) can equally well be derived from the temperature dependence of the NMR frequency 

/nmrW which is for Ff - ions directly proportional to M, ubl (7j while/NM^T) from 19 F lr NMR reflects the 
net magnetization (cf. Figs. 3.6-3.8 in Sect. 3.1.3 with experimental data for K 2 MnF 4 and Rb 2 MnF 4 ). The 
results of such studies on diluted systems will evidence that neutron diffraction is a method to obtain 
averages while NMR and Mossbauer studies are a probe for local properties. For K 2 Mn x Mg!_ x F 4 and 
K 2 Mn x Znj_ x F 4 [80L4, 80L5], there are impurity-associated satellites of the NMR signals from 19 F r and 
19 F lr ions adjacent to the nonmagnetic impurities. The analysis of these data yields that the local M sub i is 
severely modified in the first shell of Mn 2+ -ions neighbouring the Mg 2+ - or Zn 2+ -ion and that the further 
shells are only weakly affected. This statement is in good agreement with a calculation for a 13-site 
cluster (impurity and the first three shells of Mn 2+ neighbours) employing a Green’s function method 
combined with renormalized spin-wave theory (cf. Sect. 3.1.2). Another example of NMR studies as a 
probe for the local magnetic fields is the result of 19 F r NMR on K 2 Co 0 ^Ziiq 17 F 4 (cf. Fig. 3.51) where 
three resonances with different are observed which are attributed to the local fields of Co 2+ -ions 
having in their nearest neighbour shell n = 2, 3 or 4 other Co 2+ -ions [85D2]. The solid lines in Fig. 3.51 
are the result of a cluster Ising model calculation where the 2D Ising model is solved for the cluster of the 
central ion and its n magnetic neighbours representing the further environment by a virtual crystal 
magnetization M vc (7) = 0.5 [1 - sinh 4 (/ V c/^b^)] 18 (cf- Eq. 3.66 in Sect 3.1.9). Then, the local 
magnetization M 0 ll (7j of the central ion is obtained as 


M 0 ,n(T) 


1 cosh 11 (m) - cosh 11 (v) 

2 cosh" (m) +cosh 11 (u) 


(3.136) 


with u = [6 M VC (T) + 1] • [J/(2k B T)\ and v=[6 M vc (7j - 1] • [J/(2k B T)\ 
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Excellent fits to the experimental data are obtained with ,/ vc: = -72.3 K and J = -90(3) K (n = 4), 
J=-91(3)K (n = 3) and J=-95(5)K (n = 2). These values for J are all close to the value for pure 
K 2 CoF 4 (cf. Table 5). The integrated intensities of the three NMR lines are expected to have the statistical 
weight 


W n (x)= 41 x n (l-x) 4 - n (3.137) 

n! (4-n)! 

which is the probability that a Co 2+ -ion has among its 4 nearest neighbours n paramagnetic Co 2+ -ions and 
(4 - n) diamagnetic Zn 2+ -ions. The experimentally observed intensity ratios agree with lT' n (0.83) 
calculated by means of Eq. 3.137. Also three 19 F r NMR resonance lines have been obtained in 
K 2 Nio. 96 Zn 0 04 F 4 and K 2 Ni 0 85 Zn 0 15 F 4 which reflect again the local field at a Ni 2+ -ion surrounded by n = 2, 
3, 4 nearest Ni 2+ -neighbours. In case of this Fleisenberg-like system, the theoretical procedure outlined 
above for the Ising System K 2 Co x Znj_ x F 4 (Eq. 3.136) cannot be applied but a method similar to that for 
the diluted Mn-compounds [80L4] is used instead. The diluted easy-plane antiferromagnet 
K 2 Fc 074 Zn 0 26 F 4 was studied by neutron diffraction and by Mossbauer spectroscopy [85D1, 86D5]. The 
Mossbauer results exhibit at high T (> 23 K) a paramagnetic Fe 2+ quadrupole doublet and at low 
T (< 11 K) a six-line hyperfine-split absorption spectrum. Between 11 and 23 K, both types are observed. 
The six-line spectrum is consistent with a planar spin-ordering. It is analyzed by a least-square fitting with 
hyperfine field H h{ , the quadrupole coupling constant eQV zz and the asymmetry of the electric field 
gradient V xx - V yy which reflects the orthorhombic symmetry of the antiferromagnetic order (see the 
discussion in Sect. 3.1.5 and Fig. 2.6 in Sect. 2.1.3). Analogous to NMR where/ n MR ( 7) is proportional to 
the local magnetization M subl (7), the hyperfine field // h ,{ T) in Mossbauer spectroscopy is also 
proportional to the local M subl (7). Thus, we can derive from H h ^T) also the local M subl (T)/M subl (0) which 
is presented for K 2 Fe 0 74 Zn 026 F 4 in Fig. 3.52. It is compared there to M, ubl (r)/M subl (0) obtained from 
neutron diffraction, i.e. from the square root of the intensity of the (1,0,0) antiferromagnetic Bragg 
reflection. The latter represents the order parameter for 3D LRO which decreases faster with increasing 
temperature than the local magnetization. The arrow in Fig. 3.52 indicates the temperature (11 K) above 
which Mossbauer spectra due to paramagnetic Fe 2+ -ions are observed. Above this temperature, the 
neutron ridge intensity at (1,0, 0.4) shows an increase indicating a partial 2D ordering. A detailed 
analysis leads to the conclusion that below = 22.6(1) K both, neutron ridge intensity and paramagnetic 
Mossbauer spectra, originate from the same parts of the crystal with 2D regions of typically 10 lattice 
units in size [85D1, 86D5]. They appear to fluctuate on a timescale faster than that typical for Mossbauer 
experiments (10 -8 s) but show correlations in neutron diffraction (10‘ 11 s). 


9.12.3.3.3 Spin Waves in Diluted Magnets 

The dilution, i.e. the doping of a magnetic compound with diamagnetic ions, has primarily the effect that 
the paramagnetic ions are surrounded by a number n<4 paramagnetic neighbours as illustrated in Fig. 
3.51 in the last section. On the average, this will lead to a decrease of spin-wave frequencies similar to the 
decrease of T c (x) towards the percolation threshold (cf. Fig. 3.48 in the last section). But we may also 
expect that the magnon spectra reflect the smaller number of paramagnetic neighbours. The spin waves of 
diluted systems are studied by the same methods as pure antiferro- and ferromagnets, e.g. by magnetic 
resonance, neutron inelastic scattering, Mossbauer studies etc. as outlined in two reviews [72C2, 74E] 
which present also the theoretical treatment of such systems but which deal mainly with 3D 
antiferromagnets, among them also some perovskites like KMn x Zn, X F 3 . With respect to 2D diluted 
magnets, more experimental data are available for diluted antiferromagnets than for diluted ferromagnets: 

Rb 2 Mn x M gl _ x F 4 [75H6, 76C3, 76K6, 77C3, 78H3] 

K 2 Fe x Zn,_ x F 4 [85D1, 86D5] Rb 2 Co x Mg,_ x F 4 [7913, 80C1] 

K 2 Cu x Z ni _ x F 4 [78W1] RboMn.Cd^CU [84E, 84P, 87G3, 89B4] 
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The above mentioned average behaviour is probably best to observe by studying the magnetic excitations 
at q = 0 in the centre of the Brillouin zone, e.g. in antiferromagnets by antiferromagnetic resonance 
(AFMR). Such studies [84E, 84P] were performed on the uniaxial antiferromagnets Rb 2 Mn x Cdi_ x Cl 4 
(0.7 < x < 1.0). The main effect of dilution is a drastic decrease of the AFMR frequency Vafmr for 7 I 0 = 0 
and, correspondingly, of H SE . In addition, susceptibility measurements were performed in order to 
determine the exchange field H E for the diluted system. For these weakly anisotropic Mn-compounds, 

Vafmr an d H SF are proportional to (2 H E H A ) 112 (cf. Eqs. 3.38 and 3.49 in Sect. 3.1.6) neglecting Jl\ and 
also the other smaller anisotropy fields like // A and H A (cf. Eqs. 3.50 and 3.51). Thus, // A can be 
determined from V A fmr or 7 /sf with H E known from the % measurement. The values of T N , Vafmrj H se , 
H e and H a are listed in Table 5. In subsequent AFMR experiments [87G3, 89B4], a splitting of v A fmr for 
H 0 = 0 was resolved for the diluted samples with x = 0.91 and 0.80 as it was also observed in pure 
Rb 2 MnCl 4 (cf. Table 5 and Fig. 3.17 in Sect. 3.1.6). This splitting is ascribed to an orthorhombic 
distortion below T N . Fig. 3.53 presents the results for x = 0.91 and 0.80 as V A fmr versus external field H 0 
applied parallel to the c-axis. The data show the above mentioned splitting for H 0 = 0 and reflect the spin- 
flop transition at the critical field H 0 = // sf (cf. Table 5). 

In these magnetic resonance experiments, no random-field effects due to the applied field H 0 were 
observed as they are discussed in Sect 4.1.12. It is outlined there that a uniform magnetic field applied 
parallel to the anisotropy axis (c-axis) will cause a random magnetic field in diluted uniaxial 
antiferromagnets which destroy the transition to the antiferromagnetic phase and lead to frozen-in domain 
states. For H 0 || c. the spin-flop phase is not affected by random fields. This was shown in detail in the 
investigation [93C2] of the magnetic phase diagram of Rb 2 Mn 0 70 Mg 0 30 F 4 , see also Sect. 4.1.12. All the 
experiments on Rb 2 Mn x Cd!_ x Cl 4 were performed under zero-field-cooling (ZFC) conditions. Mostly, the 
metastable domain states are observed under field-cooling (FC) conditions. All results on this system 
were reproducible and did not show any dependence on prior sample history, and FC experiments were 
not performed. One point to mention about disorder in the samples is that all magnetic resonance spectra 
show a line V = (y /2n) H 0 not shown in Fig. 3.53. This paramagnetic resonance line far below T N is 
ascribed to uncoupled Mn 2+ -ions which are not subject to an exchange field. 

We return now to the discussion of the decrease of v A fmr and H s F with dilution in RbiMnxCd^C^. 
In Fig. 3.53, H SE , V A fmr,i an d V A fmr,2 at H 0 = 0 of pure Rb 2 MnCl 4 (cf. Table 5) are indicated by arrows 
for comparison with the results for x = 0.91 and 0.80. It is astonishing that the splitting Vafmr, 2 - Vafmr, 1 
for H 0 = 0 does not decrease in spite of the overall decrease of Vafmr- Also in the diluted system, it will 
be due to an orthorhombic distortion. The main effect of the dilution, the decrease of Vafmr and // SF , may 
be compared with the results of model considerations. This decrease cannot be accounted for by a simple 
virtual crystal or average model which will be discussed below in context with magnetic mixtures and 
which yields for dilutions a linear scaling of Vafmr and /Y SI with x for weakly anisotropic Mn-compounds 
[77B7]. A coherent-potential-approximation model [76T4] predicts a much steeper decrease for 3D 
diluted antiferromagnets. For the 2D system Rb 2 Mn x Cd]_ x Cl 4 , the decrease may be expressed 
quantitatively by an approximate initial slope analogous to that defined for T N (x) in Eq. 3.128, namely as 


1 

d Vafmr (x) 

- 1 

d//sF( x ) ^ 

v afmr(1) 

l dx J 

x =i H SE (l) 

l 3x l 


The value of this initial slope for V A fmr and H SF is very similar to that calculated for H E (x) by Harris and 
Kirkpatrick [77H5]. Starting from a hydrodynamic description [69H2], they have calculated low- 
frequency long-wavelength response functions for diluted magnets on various lattices. Among them is 
C(x) which results from the expansion for small q of the magnon dispersion relation 0 )(c/) for a 
Heisenberg antiferromagnet (cf. Eq. 3.6 in Sect 3.1.2 with // 0 = 0 and neglecting // A for 0 )» ft) AfMR ) 
yielding a linear dispersion [69H2] 
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a) = YH Ey [l^^yH E ajq = Cq (3.139) 

where y=gpis the gyromagnetic ratio. In their Fig. 10, Harris and Kirkpatrick [77H5] present the 
calculated data C(x)/C(l) for a diluted antiferromagnet on a square lattice. For the initial slope of 
C(x)/C(l), they obtain 2.94, using H A /H E = 0.005 which is appropriate for Rb 2 MnF 4 [75A1, 77C3], For 
Rb 2 MnCl 4 , this value is H A /H E = 0.002 [80S2] which would lead to a somewhat larger initial slope. 
Below x = 0.9, the curve of C(x)/C(l) is less steep and finally approaches zero at the percolation 
threshold (cf. Fig. 10 in [77H5]). From their data, we can calculate H E (x)/H E ( 1) after correcting C(x) for 
the x-dependence of the lattice constant a (see Table 2 and [82P1]). The exchange constant J depends on 
a as J ~ a~ n (cf. the discussion in Sect. 3.1.1 and [75J]) and thus C ~ H E a ~ a -11 . The calculated data 
H e (x) may be compared to the experimental data in Table 5. Mostly, the values for H E determined from 
the susceptibility [84E, 84P] are larger than the calculated ones, e.g. H E ,exp = 68.3 T and H E ca ic = 39.5 T 
for x = 0.80. In both cases, Eq. 3.138 leads to a significant decrease of H A with decreasing x which is 
even larger for the experimental values of H E . 

By neutron inelastic scattering, also the magnetic excitations were studied in diluted antiferromagnets 
Rb 2 Mn x M gl _ x F 4 with x = 0.54, 0.57 [76K6, 77C3] and Rb 2 Co x M gl _ x F 4 with x = 0.575 [7913, 80C1], 
These concentrations are slightly below the critical percolation concentration x p , (cf. Eq. 3.127a) and 
there are only finite clusters of the magnetic ions and no transition to an antiferromagnetic LRO. Thus, 
the neutron scattering results will not necessarily show well-defined magnons and magnon branches as 
they are observed in pure systems. This is illustrated in Fig. 3.54 where experimental data for Rb 2 MnF 4 
are presented as neutron counting rate versus energy transfer tico at constant wavevector transfer of 
K = (0.5, -0.5,0) and K = (1,0.5,0). These vectors K are equivalent to q = (0.5,0.5,0) and 
q = (0.5,0, 0), which are both located at the zone boundary (cf. Fig. 3.2 in Sect. 3.1.2). The data in Fig. 
3.54, the socalled neutron groups show in both cases a single maximum corresponding to the magnon 
frequency at these wavevectors q. For the diluted systems, an interesting result is that the neutron groups 
are much broader than in pure systems and that they exhibit a structure with several maxima, especially at 
low temperatures. This structure is in Rb 2 Mn x Mg,_ x F 4 most clearly observed at the zone boundary 
\q = (0.5, 0, 0)], it persists at all wavevectors but is much less pronounced at the zone centre \q = 
(0, 0, 0)]. For Rb 2 Mn 0 57 Mg 043 F 4 , the neutron scattering data in Fig. 3.55 show for a wavevector transfer 
K = (0.5, 0, 2.9) such a structure with four maxima from which four excitation frequencies may be 
determined instead of one as usual for the magnon branch in uniaxial antiferromagnets. Cowley and 
Buyers [72C2, 76C3] have pointed out that this structure is a consequence of the different possible 
environments of the paramagnetic ions in mixed or diluted systems and that the magnetic excitations 
reflect these different environments. They have introduced the "Ising cluster approximation" where the 
energies of these excitations are calculated for diluted systems as Ising cluster energies 

— 2/f.V ./ (3.140) 

In Eq. 3.140, n is the number of paramagnetic nearest neighbours by which a paramagnetic ion (Mn 2+ or 
Co 2+ ) is surrounded. Disregarding the first somewhat distorted maximum in Fig. 3.55, the other three are 
marked in the figure by arrows and by numbers n corresponding to E n in Eq. 3.140. For the two samples 
of Rb 2 Mn x Mg|_ x F 4 with x = 0.54 and x = 0.57, the experimentally determined excitation energies 
corresponding to the maxima in the neutron scattering data of Cowley et al. [77C3] are at the zone 
boundary 


n = 1 

2 

3 

4 


for x = 0.54 - 

0.76(4) 

1.17(4) 

1.55(4) 

THz 

for x = 0.57 - 

0.74(5) 

1.20(4) 

1.57(4) 

THz 

calculated: 0.396 

0.792 

1.188 

1.584 

THz 
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where the values in the last line are calculated by means of Eq. 3.140 with / = —79.19 GHz which is 
nearly the value of pure Rb 2 MnF 4 (J = -79.12 GHz, see Table 5 and [77C3]). The value of J for the 
diluted samples accounts for the variation of the lattice constant a with concentration x (see Table 2 and 
[73S1, 77C3]). The solid curve in Fig. 3.55 is the result of a computer simulation along the lines of a 
theory by Thorpe and Alben [76T3] using g^t B // A = 7.6 GHz (pure Rb 2 MnF 4 ) and J = -87.05 GHz 
obtained from a fit to the experimental data. In this context, it should be mentioned that there are many 
theoretical calculations which predict such structures in the neutron scattering function S(K , ft)) 
corresponding to the Ising cluster energies [74H6, 75C3, 75H6, 76A9, 76K6, 76T3], Cowley et al. [77C3] 
pointed further out that their experimental data agree better with the results of computer simulations 
[75H6, 76T3, 76K6] than with calculated data [73B7, 74H7, 74H8, 75C3] based on the coherent potential 
approximation [67S2]. Simpler theoretical models like that of Dzyub [74D2] and of Matsubara [80M6, 
80M7] allow an easy qualitative overview of the behaviour of diluted systems but are less successful with 
respect to quantitative results. The model of Matsubara accounts especially for the environment of a 
magnetic ion in diluted and mixed magnetic systems. Thus it yields four solutions for all systems but his 
results for AFMR exhibit one dominant peak for weakly anisotropic systems like Mn-compounds and 
four distinct peaks for strongly anisotropic ones like Co-compounds (cf. Figs. 2-4 in [80M6]). His results 
for the neutron scattering S(K , co) agree also qualitatively well with the experimental data (cf. Figs. 3.55 
and 3.56 below). Finally, we recall from Sect. 3.1.3 that in antiferromagnets the ground state deviates 
from the ideal Neel state and that (S z ) ^ S or, as shown in Eqs. 3.18 and 3.19, ( S z ) = S - A 0 S with the zero- 
point spin deviation A 0 S. For pure Mn-compounds, typical values are A 0 .S' = 0.17-0.18. Also based on the 
theory of Thorpe and Alben [76T3], Halley and Holcomb [78H3] have calculated A qS for a diluted 
antiferromagnetic Mn-system like Rb 2 Mn x Mgi_ x F 4 and obtained a distribution for A 0 .S' which widens 
considerably with decreasing x and the average value of which increases to about A 0 .S' = 0.38 for x = x p . 
Similar results were obtained by Dikken et al. [85D1] for K 2 Fe x Znj_ x F 4 from Mossbauer studies. 

Another example of a diluted antiferromagnet studied by neutron inelastic scattering for 
concentrations x below x p is Rb 2 Co x Mgj_ x F 4 [7913, 800]. The experimental data for x = 0.575 are 
reproduced in Fig. 3.56, as intensity (neutron counting rate) versus energy transfer fro) at constant 
wavevector transfer K = (1 — £ x , 0,4.23). In this case, a structure with four maxima is observed over the 
whole Brillouin zone. There is only little dispersion very similar to that of pure Rb 2 CoF 4 (cf. Fig. 3.25 
and Eq. 3.63 in Sect. 3.1.9). For all three values of £ x in Fig. 3.56, i.e. for £ x = 0, 0.25, and 0.5, the four 
maxima in the experimental data for Rb 2 Co 0 . 575 Mg 0425 F 4 reflect the Ising energies of Co 2+ -ions in 
different environments, i.e. with n — 1, n — 2, n = 3, and n = 4 Co 2+ -neighbours. The wavevector 
dependence of the excitations in Fig. 3.56 is well reproduced by the magnon dispersion relation Eq. 3.63 
for the Ising systems K 2 CoF 4 and Rb 2 CoF 4 if this is modified by replacing the number of nearest 
neighbours z = 4 in the square lattice by the number n of actual Co 2+ nearest neighbours 

E D (q) = E m = n J - (J^) 2 (3.141) 

where J« and are explained in Sect. 3.1.9 and y q defined in context with Eq. 3.6 in Sect. 3.1.2. 
Satisfactory agreement is obtained by applying Eq. 3.141 to the data in Fig. 3.56 with the values for J, 
and J±_ of pure Rb 2 CoF 4 (cf. Table 5 and [7812]). At the zone boundary (£ x = 0.5 and y q = 0), we obtain 
analogous to Eq. 3.140 with 2S = 1 for S = j of Co-compounds 

E n = n\J\\\ (3.141a) 

However, the solid curves in Fig. 3.56 are not calculated by means of Eq. 3.141a but the result of a 
computer simulation by Cowley et al. [80C1] adapting the theory of Thorpe and Alben [76T3] to Co¬ 
compounds. A detailed analysis of the experimental data yields that the frequencies of the excitations are 
not in the expected ratios 4 : 3 : 2 : 1 but in the ratios 3.68 : 2.80 : 1.91 : 1. This discrepancy is ascribed to 
the inadequacy of the effective S= 4 model for the Co 2+ -ion. The energy levels of Co 2+ (cf. Fig. 3.24 in 
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Sect. 3.1.9) resulting from the splitting of the 4 F 4 (O h ) ground state in cubic symmetry are the effect of 
the tetragonal crystal field, of the spin-orbit coupling and of the molecular field due to the exchange 
interaction. Because of the interplay of these three mechanisms, the final splitting of the Kramers doublets 
by the molecular field is not linear in H MF (cf. Eq. 3.61 in Sect. 3.1.9) and thus not proportional to as 

assumed in Eq. 3.141a. Therefore, E n = E n —a E n has been used as a model for the nonlinearity of the 
splitting. Then, excellent agreement is obtained between experimental data and the results of the 
computer simulation (cf. Fig. 3.56). Optimum parameter values are J« = -1.813 THz and a = 
0.00137 THz 2 (cf. Table 5). The identification of the lines in Fig. 3.56 can further be founded on the 
relative intensities of the observed excitation lines [7913] with their expected statistical weight W n (x) (cf. 
Eq. 3.137) for n Co 2+ nearest neighbours and (4 - n) diamagnetic ones 


n = 

1 

2 

3 

4 

W n (x) = 

4x(l -x) 3 

6 x 2 (l -x) 2 

4x 3 (1 - x) 

x 4 

calc, x = 0.89 

0.005 

0.058 

0.310 

0.627 

exp. x = 0.89 



0.31(3) 

(0.63) 

calc, x = 0.70 

0.076 

0.265 

0.412 

0.240 

exp. x = 0.70 

0.07(3) 

0.24(3) 

0.38(5) 

(0.24) 


where the experimental data are those at 6 K which are normalized to the theoretical values at n = 4 
(therefore in bracketts). For concentrations 0.10 <x <0.58, another neutron inelastic scattering study on 
Rb 2 Co x Mg!_ x F 4 [9212, 9414] has revealed also intracluster excitations, in addition to the Ising cluster 
excitations discussed above. The intracluster excitations are treated as the excitations of isolated clusters 
by diagonalizing the corresponding Hamiltonian as shown for dimers and trimers, for example, by 
Svensson et al. [78S12]. A further neutron inelastic scattering study was performed on Rb 2 Co x Mg 1 _ x F 4 
with x = 0.60, 0.70 with the spectrometer HET at the pulsed spallation neutron source ISIS [9512, 9612]. 
The surprising result was that the Ising cluster excitations were observed up to temperatures far above the 
Neel temperature. They can clearly be seen at 5 T N and 2 T N for x = 0.60 (T N = 20 K) and x = 0.70 (T N = 
45 K), respectively. This phenomenon is most probably due to the extremely slow dynamics of the spins 
in diluted magnets near the percolation threshold with fractal properties (cf. Sect. 4.1.12). If the time scale 
of the spin fluctuations is very large in comparison to the neutron travelling time through the sample, the 
system appears to be ordered, even far above T h due to the short-range correlations. 

As already mentioned at the beginning of this section, only one diluted ferromagnetic system, namely 
K 2 Cu x Zn!_ x F 4 (x = 0.78, 0.92), was studied [78W1] by neutron inelastic scattering with special attention 
to the effect of the dilution on the magnon frequencies and the magnon linewidth. A main result of this 
investigation is that the neutron groups for K 2 Cu x Zn 1 _ x F 4 show no structure with three or four maxima 
resulting from Ising cluster energies, in contrast to diluted antiferromagnets like Rb 2 Mn x Mgi_ x F 4 and 
Rb 2 Co x Mg!_ x F 4 . This is in agreement with theoretical predictions by Krey and Schlichting [75K3] for 
diluted ferro- and antiferromagnets. A final remark concluding this section is that further data on diluted 
systems are compiled in Table 5, either as indicated in the text above or additional to the examples 
presented here. 
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9.12.3.3.4 Excitations in Mixed Antiferromagnets 

In this section, mixed crystals A 2 M x M[_ x X 4 will be considered where both end members, A 2 MX 4 and 

A 2 MX 4 are antiferromagnets, for example of the easy-axis type with the preferred spin direction parallel 
or antiparallel to the crystalline c-axis. In such a system, there will be antiferromagnetic long range order 
(LRO) below the critical temperature T s over the whole concentration range 0<x< 1. In addition to the 

super-exchange interaction between nearest neighbours pairs of M 2+ - and of M 2+ - ions as in pure A 2 MX 4 
and A 2 MX 4 , resp., there will also be an exchange interaction between neighbouring M 2+ - and 

M -ions. And for x = 0.5, i.e. the system A 2 M 05 M 05 X 4 , the concentration of each constituent is 
below the critical percolation limit x p = 0.593 (cf. Eq. 3.127a) and the infinite cluster associated with the 
LRO cannot be formed by the exchange interaction between pairs of M 2+ - and between pairs of 

M 2+ - ions since both species occur only in finite clusters. Thus, the randomness of the system will not be 
a small perturbation but will have a dominating influence [76A3]. And the LRO can only be established 

by including the exchange interaction between M 2+ - and M 2+ - ions as emphasized by Kirkpatrick and 
Harris [75K4]. A sharp phase transition is observed in these systems as indicated by a sharp anomaly in 
the magnetic specific heat Cmagn when macroscopic fluctations of the concentration x are sufficiently 
reduced [8113]. The experimental data in Table 6 show that the critical behaviour of mixed easy-axis 
antiferromagnets is in general the same as that observed in pure easy-axis antiferromagnets (see Sects. 
4.1.2—4.1.6 and Table 6) although there is a randomness in the mixed systems as discussed in some 
theoretical papers which deal with the critical behaviour of random systems [74H5, 74H9, 75A5, 75E1, 
75L11, 76G5] mainly employing renormalization-group techniques. Some of them are also mentioned in 
Sect. 4.1.12 in context with the random exchange Ising model (REIM) which applies not only to diluted 
systems but may also be applicable to mixed antiferromagnets. However, the Harris criterion [74H5] 
states that randomness is irrelevant if the specific heat exponent a < 0 and will cause important effects if 
a>0. Thus, it does not provide a definitive prediction for the Ising model with a = 0. As in the pure 
materials, the magnetic LRO can be studied in mixed antiferromagnets by neutron scattering and also by 
19 F-NMR which probes the local sublattice magnetization as outlined in Sect. 3.3.2 for diluted systems. In 
the mixed system K 2 \ln x Ni ,_ X F 4 [77L5, 80L4, 80L5, 83V2, 84V6], the local magnetization was studied 
by 19 F r NMR, i.e. the impurity-associated satellites in NMR, for x = 0.975, 0.98, 0.995 near isolated Ni 2+ - 
impurities and for x ~ 0.01 near isolated Mn 2+ -impurities. The results are similar to those obtained for 
diamagnetic Zn 2+ and Mg 2+ impurities in K 2 MnF 4 [80L4, 80L5]. Also the 13-site cluster model 
calculation is the same as for the diluted crystals and as discussed in detail in Sect. 3.3.2. Further, the 
spin-lattice relaxation time T l was determined by 19 F r NMR [83V1] for isolated Ni 2+ in K 2 MnF 4 and for 
isolated Mn 2+ in K 2 NiF 4 and compared to those for Mn 2+ in K 2 MnF 4 and for Ni 2 in K 2 NiF 4 , appropriately 
scaled with the squared ratio of the hyperfine constants. The essential results are that the autocorrelation 
function is reduced at Ni 2+ impurities in K 2 MnF 4 and enhanced for Mn 2+ impurities in K 2 NiF 4 . 

After these introductory remarks, our attention will be focussed on the magnetic excitations which 
were studied by means of neutron inelastic scattering for the following mixtures of two easy-axis 
antiferromagnets (cf. Table 5) 


Rb 2 Mno. 5 Coo. 5 F 4 [8011], Rb 2 Mn 0 . 5 Ni 0 5 F 4 [75A1, 75B10, 77S1], Rb 2 Co 0 . 5 Ni a5 F 4 [8311] 

All three systems show two magnon branches. That means they exhibit a two-mode behaviour [74E]. In 
Rb 2 Mn 0 5 Ni 0 5 F 4 , a transition to antiferromagnetic LRO occurs at 7^ = 68.72 K, intermediate between 
Rb 2 MnF 4 (T N = 38.4 K) and Rb 2 NiF 4 (7\ = 91 K). The magnon dispersion of Rb 2 Mn 0 5 Ni 0 5 F 4 for T= 7 K 
is shown in Fig. 3.57, the experimental points and, for comparison, the dispersion curves of the two end 
members Rb 2 MnF 4 and Rb 2 NiF 4 as dashed lines. Obviously, the lower branch of the mixed crystal is 
close to that of pure Rb 2 MnF 4 and may be called the Rb 2 MnF 4 -like one. The upper branch of the mixed 
crystal falls into the spin-wave band of pure Rb 2 NiF 4 and may be called the Rb 2 NiF 4 -like one although it 
shows much less dispersion than pure Rb 2 NiF 4 . Some measurements at 66 K show that the excitations 
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broaden somewhat with increasing temperature in both branches but remain well-defined magnetic 
excitations. The solid curves in Fig. 3.57 are calculated by means of a relatively simple model, the mean 
ciystal model which is often also called virtual ciystal or average model. In this model, it is assumed that 

x M 2+ -ions and (1 -x) M 2+ -ions are located on each site of the two sublattices. This is fictitious and 
cannot account for the true distribution of the ions over the lattice sites and for their true environment. But 
this model with four sublattices is a very helpful tool for the discussion of the excitations of magnetic 
mixed crystals. The corresponding Hamiltonian can be written as follows 


7f--2x ,/aaI ‘S'a.i^b.i (1- X) X Jab T', [‘S'a.i'S'dJ + ‘S'c,i»S'b,j] - 2 (1- x)“ J BB iS'c^iS'dJ 

<i,j> <i,j> <ij> 


(3.142) 


- X Da 


X ( S a,i) 2 +£ (Sb.j) 2 


-(1-x) D e 


X ( s c,i) 2 +X (Sd,j ) 2 


where 

S a j and Sbj denote M 2+ -spins on sites i and j in sublattices 1 and 2, respectively. 

S cq and *^d,j denote M 2+ -ions on sites i andj in sublattices 1 and 2, respectively. 

J A b, and Jbb are the parameters for the exchange interaction between M 2+ -M 2+ , M 2+ - M 2+ , and 
M 2+ — M 2+ nearest neighbours ions. 

D A and D b are the constants of the out-of-plane anisotropy while S A and S B are the spin values of the 
M 2+ - and M 2+ - ions, respectively. 

As usual in this contribution, the exchange parameters are positive for ferromagnetic and negative for 
antiferromagnetic exchange interaction and (i. j) mean in the summation that each pair of ions is counted 
only once. The out-of-plane anisotropy energy is presented here in the single-ion form (cf. Eq. 3.16 in 
Sect. 3.1.2 and Eq. 3.35 in Sect. 3.1.5). In Eq. 3.142 D A and D B are positive for easy-axis systems and 
negative for easy-plane ones. In order to keep the above expressions for the mean crystal model as 
transparent as possible, no terms for an in-plane anisotropy and for the interaction with an external 
magnetic field H 0 have been included which can easily be added but cause all following expressions to 
become also more lengthy. A classical spin-wave treatment of Eq. 3.142 including a spatial Fourier 
transform yield the following quartic equation for the ^-dependent magnon frequencies 

(Tift)) 4 ~{h(o) 2 (E aa -E aAj q + E bb -E BBq - 2 E ABq E BAq ) 

+ (^AA _ ^AA,q) (^BB _ ^BB.q ) _ 2 7? AA i?BB^'AB,q^'BA,q (3.143) 

- 277 A A,q^'BB,q^'AB,q^'BA,q + ^AB.q^BA.q =0 


with 

E aa = 2xzS a \J aa \ +2(1 -x)z5 b | Jab I + 2 S A D A 
Ebb = 2 xzS A \ J AB \ + 2(1 - x)z5' B | ./ BB | +2 S B D B 
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^AA,q ~ 2 Xz5 a |/aa | /q E BBq ~ 2 (1 - x)z5 B | J BB | 7q 
-^AB.q-^BA.q = 4 X (1 - x) Z 2 S A S B j\ B Y q 


where 7q = G ' q ' J = cos (^jr) ' cos (~y~) (cf- Eq. 3.6 in Sect. 3.1.2) and where z is again the number 

i 

of nearest of neigbours, i.e. z = 4 on the square lattice. For Rb 2 Mn 0 5 Ni 0 5 F 4 , we have to identify M 2+ with 
Mn 2+ and M 2+ with Ni 2+ further 

^AA = ^Mn-Mn? -^AB = >4ln-Ni) >^BB = ^Ni-Ni; 2 S A D A = g Mn (A B /f A ,Mn> 2 S B D B = gNiM-B^^Ni- 

If then x = 0.5 is inserted to Eqs. 3.142 and 3.143, the latter is completely equivalent to Eq. 19 of Als- 
Nielsen et al. [75A1, 75B10] by means of which they have calculated the magnon dispersion curves of 
Rb 2 Mn 0 . 5 Ni 0 5 F 4 (solid curves in Fig. 3.57) using the values of the parameters for pure Rb 2 MnF 4 

Atn-Mn = -2-64 cm- 1 , g M nBB^A,Mn = 0.24 cm” 1 = 0 (neglected) 

(details see Table 5 and [70B1, 73B1, 73W2, 73W3]) and those for pure Rb 2 NiF 4 

/ Ni _ N i = -33.5 cm -1 , g N iM4,Ni = 2.26 cm” 1 

(details see Table 5 and [75A1]. For the exchange between Mn- and Ni-ions, an estimate is used which 
worked well in a number of 3D magnetic mixed crystals [72C2] 


^Mn-Ni - V^Mn-Mn^Ni-Ni - -9.40 Cm 

so that there is no adjustable parameter in this model calculation. Nevertheless, the agreement between 
experiment and calculated data is remarkably good for this simple model, especially for the lower branch 
with perfect agreement within the error limits, while there are deviations up to 10 % in the upper branch, 
except for the zone boundary. And there have been other calculations employing more sophisticated 
theories like models based on the coherent-potential approximation [75C3, 76C3] following the lines of 
previous calculations for 3D mixed antiferromagnets [72B7, 74D3]. Further calculations were performed 
with Green’s function and equation of motion techniques [75A4, 75K4, 76T3, 76K6]. All these 
theoretical approaches yield a better agreement with the experimental data, including magnon dispersion 
curves and the temperature dependence of the sublattice magnetization. Also numerical simulations were 
performed on K 2 Mn x Ni,_ x F 4 [74H10, 75S2] the results of which can as well be used for the discussion of 
the properties of Rb 2 Mn 0 5 Ni 0 5 F 4 . 

We can expect the mean crystal or virtual crystal model to reproduce well only the peak positions of 
the neutron groups and not their structure, and we recall from the last section that the neutron inelastic 
scattering data of the diluted systems Rb 2 Mn 057 Mg 043 F 4 (cf. Fig. 3.55) and Rb 2 Co 0 5 75 Mg 0425 F 4 (cf. 
Fig. 3.56) show a structure with four maxima corresponding to the Ising cluster energies for the possible 
environments of the Mn 2+ - and Co 2+ -ions in these compounds. The mixture of two antiferromagnets 
Rb 2 Mn 0 5 Ni 0 5 F 4 has for both constituents a concentration below x p similar to the diluted systems in the 
last section. And the neutron inelastic scattering intensity with the background subtracted shows at 
(0.5, 0, 0) two broad bands (cf. Fig. 3.58) which may be considered as the not quite resolved Mn 2+ and 
Ni 2+ Ising cluster modes indicated as vertical lines in Fig. 3.58. The "Ising cluster approximation" of 
Cowley and Buyers [72C2, 76C3] was introduced for dilute systems in Eq. 3.140 in the last section. For 
mixed magnets, Eq. 3.140 is to be extended to the original form of Cowley and Buyers, namely to 
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E nA = 2nS A \J AA \+2(z-n)S B \J AB \ 
E n ,B = 2 n S A | J AB | + 2 (z - /?) S B \ J BB \ 


(3.144) 


where the notation is the same as in Eqs. 3.142 and 3.143. In Eq. 3.144, E nA and E n B are the Ising cluster 
energies of the M 2+ - and M 2+ -ions (subscripts A and B), resp., having as nearest neighbours n M 2+ -ions 

and (z-w) M 2+ -ions (0<«<4). The energies E nA and £ nB (vertical lines in Fig. 3.58) have been 
calculated for Mn 2+ (subscript A) and Nr* (subscript B) in Rb 2 Mn 0 5 Ni 0 5 F 4 using the same parameter 
values given above for the mean crystal model calculation. The intensities of these cluster modes are 
proportional to the probability for the occurrence of such clusters W n (x) (see Eq. 3.137). The length of the 
vertical lines in Fig. 3.58 is proportional to W B ( 0.5) scaled separately for Mn and Ni modes so as to obtain 
agreement with the observed peak intensities. We note finally that the mean crystal model Eq. 3.142 
yields for q = q max (y q = 0 ) at the zone boundary 


ti(O l 2 - E aa - 2 xzS A | Jaa | + 2 (1 — x) zS B \ J AB | + 2 S A D A 
4 = ^bb — 2xzS a | J A b | + 2(1 — x)z5 B | J BB | + 2 S B D B 


If the small anisotropy terms are neglected, fi(O h2 an d /ift ) 34 agree with the average of E n A , E n B , i.e. for 

the average value n = xz = 2 with £ 2 ,a an d -^ 2 ,b (cf- Eq. 3.144) and with the position of the peaks in Fig. 
3.58, but do not reproduce the width of these peaks. But as already mentioned, these simple models are 
useful approximations for an overview and good agreement with all experimental data is obtained by 
more elaborate theoretical calculations, as for example in [76C3, 76T3]. 

Similar neutron inelastic scattering results as for Rb 2 Mn 0 5 Ni 0 5 F 4 were reported for Rb 2 Mn 0 5 Co 0 sF 4 
(J N = 65 K, see [8011]) and Rb 2 Co 05 Ni 05 F 4 (J N = 115 K, see [8311]). The results for these easy-axis 
systems will not be discussed in detail here. It was already mentioned that for both two magnon branches 
were observed. Also for Rb 2 Co 05 Ni 05 F 4 , calculations with the mean crystal or average model were 
performed. For S = \ Co 2 + -ions, Ikeda et al. [8311] have adapted the model to anisotropic exchange (see 

their Eq. 1) as already used in Sect. 3.1.9 for pure Co-compounds (cf. Eq. 3.62). The results of their 
model calculations were not satisfactory when they used as input parameters the exchange constants of 
pure Rb 2 CoF 4 and Rb 2 NiF 4 and for the Co-Ni-exchange the geometric mean of the constants of the pure 
constituents. Therefore they used parameter values (see Table 5) obtained from a fit to the experimental 
data which are smaller than those found for the pure crystals. With the fit values, the agreement with the 
experimental data is improved. The fine structure in the neutron scattering intensity at the zone boundary 
fits well to the Ising cluster energies (cf. Eq. 3.144) also calculated with the fit parameters. 

The magnetic mixed system Rb 2 Mn 05 Ni 05 F 4 was also studied with Raman spectroscopy by Fleury 
and Guggenheim [75F4]. They have not single magnon modes observed but magnon pair modes: a Ni-Ni- 
mode at 372 cm 1 and a Mn-Ni-mode at 248 cnT 1 . The corresponding Mn-Mn-mode was not observed. 
These experimental data were also analysed by means of the Ising cluster model. The idea is that the pair 
modes arise from the excitation of the spins on two neighbouring sites, i.e. the Ni-Ni-mode from a nearest 
neighbour pair of Ni-ions (again subscript B) which may be surrounded by n l and n 2 Mn-ions (subscript 
A) and by (z -1 - «i) and (z - 1 - n 2 ) Ni-ions, respectively. Under these conditions, the energy of the Ni- 
Ni-mode becomes (see Eq. 1 of [75F4]) 


tico m (n 1; n 2 ) = 2 («! + n 2 ) S A \ J AB | + 2 (2z - 2 - n j - n 2 ) S B \ J BB \ - 2 \ J BB \ (3.145) 

where the first two terms are the Ising cluster energies of the two Ni-ions and the last term takes 
approximately into account the magnon-magnon interaction in such a pair mode [66M2, 69E, 69T]. 
A similar expression was derived by Fleury and Guggenheim for the Mn-Ni-mode (Eq. 1 of [75F4]). Also 
in the Raman data, the Ising cluster modes are not resolved and only the pair-mode centre frequences 
calculated with «i = n 2 = x (z — 1) can be compared with the peak positions in the experimental data. 
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With the above values for J AA = ^AB = ^Mn-Ni> an d >^BB = ^Ni-Ni which gave a satisfactory 

agreement with the neutron scattering data, Fleury and Guggenheim obtained by means of Eq. 3.144 and 
their Eq. 1 too large values for the peak positions outside the error limits. A fit to their experimental data 
yielded the drastically reduced values (cf. Table 5) 

J Mn-Mn = -2.90 cm -1 J Mn _ Ni = -9.17 cm -1 J Ni _ Ni = -29.0 cnT 1 

They also investigated the temperature dependence of the magnon pair spectra which turned out to be 
similar to that of the two-magnon spectra in pure antiferromagnets. 

Next let us consider the situation that the concentration x is either small or close to one, so that the 
mixed crystal does not contain nearly equal portions of both end members but that one constituent is the 
host crystal with a small doping of the other one. When the mean crystal or average model (Eq. 3.142) is 
solved for small x = 0, i.e. x « 1, the quartic secular equation Eq. 3.143 yields four solutions 

hco l2 = yj (2zS n I J BB I + 2 S b D b ) 2 - (2zS B I J m I 7 q ) 2 (3.146a) 

ftft ) 34 = 2zS b | J AB | + 2 S a D a (3.146b) 

where ftco 1 9 represents the usual magnon dispersion relation of the host crystal (subscript B) and ftco 3 4 

an excitation localized on isolated ions of the dopant (subscript A). For x = 1, i.e. (1 - x)« 1, the other 
end member (subscript A) becomes the host and the first one (subscript A) the dopant. The solutions of 
Eq. 3.143 are obtained by interchanging the subscripts A and B so that Pico l 2 is again the magnon 
dispersion relation of the host crystal (now subscript A) and 

Pico 3 4 = 2 zS A | J AB | +2S B D B (3.146c) 

again a localized mode residing on isolated impurities. It can be seen on Fig. 3.57 that reducing 
drastically the Ni-concentration in the mixed system will finally lead to the magnon dispersion relation of 
Rb 2 MnF 4 and to a local mode in Rb 2 MnF 4 : Ni 2+ above the spin-wave band of Rb 2 MnF 4 . Reducing, on the 
other hand, the Mn-concentration, the expected result is the magnon dispersion relation of Rb 2 NiF 4 and a 
local mode in Rb 2 NiF 4 : Mn 2+ below the spin-wave band of Rb 2 NiF 4 , i.e. a localized mode in its 
antiferromagnetic gap or, simply, a gap mode. If the frequency of the local mode falls into the spin-wave 
band of the host, it becomes a resonant band mode. The terms "local mode", "gap mode", and "resonant 
band mode" have first been used for lattice dynamics in crystals with impurities (see for instance [66M3, 
66M4] or [69G3]) and later been adapted to magnetic problems [69W1]. For the discussion of these 
phenomena connected with isolated impurities in otherwise pure host crystals, we will no longer use the 
notation Rb 2 Mn x Ni 1 _ x F 4 but the more appropriate ones Rb 2 MnF 4 : Ni 2+ and Rb 2 NiF 4 : Mn 2+ which more 
clearly marks the host and the dopant the concentration of which is typically a few per cent. 

The expressions Eqs. 3.146b and 3.146c are only first approximations for the frequency of the local 
modes. In the late sixties, more accurate results were derived in a number of theoretical treatments 
employing Green’s function and other techniques, mostly for 3D doped antiferromagnets [68L2, 68L3, 
68T2, 69P1, 69W1, 70T], see also the review by Cowley and Buyers [72C2]. In these theories, not only 
the isolated impurity but also its z nearest neighbours were taken into account. The magnetic modes 
residing on these neighbours were classified according to their symmetry with respect to the paramagnetic 
point group of the impurity and its neighbours. Such a group theoretical analysis was performed by 
Lovesey [68L2] for the rutile structure (MnF 2 etc.) and by Parkinson [69P1] for the cubic perovskite 
structure. Later, all these results were also applied to the quasi 2D magnets with perovskite-type layer 
structure. For the latter, the group theoretical analysis for the impurity and its four nearest neighbours 
yields 
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for the impurity: a Fj -mode (A lg , s 0 -mode) 


and for the four nearest neighbours: a T^ -mode (A lg , s r mode), a F^ -mode (B lg , d-mode), and a doubly 
degenerate FJ -mode (E u , 2 p-modes). 

The notation of these magnetic modes is according to the corresponding symmetry of electronic 
eigenfunctions [68L2, 68T2, 69P1, 72C2]. Thus the local mode residing primarily on the isolated 
impurity is called So-mode and an excitation of the So-mode and of the d-mode primarily residing on the 
nearest neighbours is called the (so + d) pair mode. 

These defect modes have been studied in the 2D perovskite-type layer structures by various 
spectroscopic methods, mostly by FIR and Raman spectroscopy, but also by IR emission spectroscopy 
[81B8], by fluorescence spectroscopy [75L5, 75L6, 77L2] and by neutron inelastic scattering [9514]. 
While the local mode above the spin-wave band of the host was observed in the 3D antiferromagnet 
MnF 2 for a number of defects, eg. MnF 2 : Co 2+ [68H, 69S3, 69W2), MnF 2 : Ni 2+ [68M4], MnF 2 : Fe 2+ 
[68W2, 69W2], only few results were reported for such local modes in the 2D systems under 
consideration. Only for (see Table 5) 

K 2 MnF 4 : Ni 2+ [75L5, 75L6, 77L2], 

ft)(s 0 ) was determined from fluorescence spectra. The search for this mode in K 2 MnF 4 : Co 2+ was in vain 
[76L6]. Flowever, the frequencies ft)(s 0 ) were determined for localized gap modes in a number of 
systems, namely in 


K 2 FeF 4 : Mn 2+ [78M1], 

K 2 CoF 4 : Mn 2+ [80B13, 81B8], K 2 CoF 4 : Fe 2+ [81B8, 82F], 

Rb 2 CoF 4 : Mn 2+ [81B8, 9514], Rb 2 CoF 4 : Ni 2+ [81B8] 

Further, the (s 0 + d) pair mode was observed in some systems, in general by Raman scattering 

K 2 MnF 4 : Ni 2+ [75L5, 75L6, 77L2], K 2 MnF 4 : Co 2+ [76L6, 79M2], 

K 2 FeF 4 : Co 2+ [84F4], K 2 CoF 4 : Fe 2+ [82F] 

The excitation energies determined in these experiments offer the possibility to determine the constant 
J AB of the impurity-host exchange interaction. For all these localized modes and pair modes, the energies 
and the exchange constants deduced from them are compiled in Table 5. The geometric mean of the 
exchange parameters of the two end members as the parameter for the exchange between the host ions 
and the impurities 


Jab=-J\Jaa\-\Jbb\ (3-147) 

worked well for J Mn _ Nl in Rb 2 Mn 0 5 Ni 0 5 F 4 but is not a general solution for this problem. Within the frame 
of a molecular field approximation [69W3], the Neel temperatures of the mixed system form a straight 

line connecting the Neel temperatures of the end members if Jab = J a b where J AB is the actual value and 
J AB that calculated by means of Eq. 3.147. For Rb 2 Co x Ni 1 _ x F 4 however, the experimentally determined 
Neel temperatures lie above that line [8113] and a value J Co _ Ni = 1-29 J Co _ Ni ' s obtained by means of a fit 
to the molecular field approximation. Therefore, useful information can be gained from a careful analysis 
of the excitation frequencies. For an experimental determination of J AB , the energy Tuo(sq) of the local 
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gap mode [77L2, 78M1] was not only compared to the mean field approximation (Eqs. 3.146b and 3.1 
46c) but also to theoretical results obtained by Green’s function methods and cluster approximations 
[70T] and by other methods [69W1]. If the impurity is Co 2+ or if the host is a Co-compound, the analysis 
is to be performed with an anisotropic exchange interaction, not only for the Co-compound (cf. Eq. 3.62 
in Sect. 3.1.9) but also for the impurity-host exchange. In these cases [79M2, 80B13, 81B8, 82F], the 
longitudinal part .J AB is usually determined from tia>( s 0 ) by means of a mean field or Ising 

approximation. The transverse part AB is then determined by a perturbation calculation with the 
transverse part of the Hamiltonian [66M2, 72C2]. The values of the constants ./ AB , J AB , and 
J_ \ \> for the impurity-host exchange determined from the excitation energies are collected for the systems 
under consideration in Table 5 and compared to the geometric means calculated by Eq. 3.147 which are 

denoted J AB , J AB , and /_l,ab in order to distinguish them more easily from the experimental values J AH 

etc. The theory of Thorpe [70T] was further employed to calculate the lineshape of the (s 0 + d) pair mode 
for K 2 MnF 4 : Co 2+ [76L6] in good agreement with the experimental data. 


9.12.3.3.5 Mixed Antiferromagnets with Competing Anisotropies 

The virtual crystal or average model Eq. 3.142 cannot only be used to calculate, at least approximately, 
the excitation frequencies of the system as outlined in context with Eq. 3.143. It can also be employed for 
obtaining some information about the groundstate of the system, i.e. its magnetic ordering. This is 
performed by calculating the orientation angles for the four sublattices from the equilibrium conditions, 
i.e. vanishing torque for the static components of the sublattices (cf. Eqs. 3.42-3.44 in Sect. 3.1.6). In this 
section, we assume that all exchange interactions are antiferromagnetic, i.e. ,/ AA <0, ,/ AB < 0. and ./ BB < 0 
in Eq. 3.142. If then the anisotropy constants are both positive, i.e. D A > 0 andZ) B >0 in Eq. 3.142, the 
preferred spin direction will be parallel or antiparallel to the c-axis for the mixed system over the whole 
concentration range 0<x<l. But if one end member is an easy-axis antiferromagnet (Z) A >0), e.g. 
K 2 CoF 4 , and the other one an easy-plane antiferromagnet (Z) B < 0), e.g. K 2 FeF 4 , there is a competition of 
the anisotropies in the corresponding mixed system, e.g. K 2 Fei_ x Co x F 4 , between ordering parallel or 
perpendicular to the c-axis. For small concentrations x «1, the easy-plane ordering of the host (subscript 
B) is dominating, and for concentrations close to one (1 - x) « 1, the easy-axis ordering of the other end 
member (subscript A) will dominate. But in the intermediate concentration range, the competition 
between the two types of anisotropy will lead to a reorientation of the system, to a transition from the 
easy-plane to the easy-axis type. A simple estimate of the critical concentration at which this could 
happen is to look for the cancellation of the reduced anisotropy fields h A = H A /H E (cf. Eq. 3.6 in Sect. 
3.1.2) weighted with the appropriate concentration factor i.e. for K 2 Fe!_ x Co x F 4 

x-/?A,Co = (l-x)-/? AFe (3.148) 

The solution of Eq. 3.148 is x = 0.21 for K 2 Fe!_ x Co x F 4 with the values from Table 5: 

/z A ,co = (! = 0-488 h KVe = I D/zJ\ = 0.132 

A calculation with a mean field or virtual crystal model will yield a better estimate. For this purpose, the 
definition of orientation angles in Eq. 3.44 of Sect. 3.1.6 is extended to four sublattices (p = a, b, c, d). As 
long as in-plane anisotropy terms are neglected we may set <5 a = S h = 8 C = 8 d = 0, i.e. the static 
components of the four sublattices are restricted to the (x, z)-plane. For the system K 2 FC|_ x Co x F 4 , the 
static components of the sublattice magnetizations are the polar angles can be written as 
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o 
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where M Co and M Fe are the sublattice magnetizations due to the Co 2+ - and the Fe 2+ -ions, respectively. 
Along the lines of the Matsubara’s model (see Sect. 3.3.3 and [80M6, 80M7]) extended to mixed 
antiferromagnets with competing anisotropies [77M5, 7803, 81M6], Hagen and Higgins [88H3] have 
calculated within such an average crystal approximation the ground state configuration of K 2 Fe!_ x Co x F 4 
and found for 0 < x < 0.2 0 Fe = 9 Co = 90° (easy-plane or planar antiferromagnetic phase), for 0.2 < x < 0.24 
an oblique antiferromagnetic phase (OAF) with 0°< 0 Fe , 9 Co < 90° and 0 Fe ^ 6 Co , and finally for 
0.24 < x < 1 0 Fe = 0 Co = 0° (easy-axis or axial antiferromagnetic phase). A corresponding (7\j, x) phase 
diagram with three antiferromagnetic phases, the paramagnetic phase and a tertracritical point was 
theoretically predicted for randomly mixed magnets by Aharony and Fishman [76A12, 78F4] and was 
also dealt with in another theoretical study [81M7]. 

The question is now how far these theoretical estimates and predictions are confirmed by experimental 
data. The magnetic ordering of K 2 Fei_ x Co x F 4 was studied by neutron scattering [83V3, 84H3, 86V1], by 
Mossbauer studies [84F3, 85V3], by susceptibility measurements [84F3] and by a l 9 F-NMR investigation 
[86V2]. The results are depicted in Fig. 3.59 and the numerical values are listed in Table 6 . At low 
temperatures, there is the planar antiferromagnetic phase (AF, planar) for concentrations 0<x<0.18, the 
oblique antiferromagnetic phase (OAF) for 0.18 <x< 0.32, and the axial antiferromagnetic phase (AF, 
axial) for concentrations 0.32<x< 1.0. The paramagnetic phase (PM) at high temperatures is separated 
from the antiferromagnetic phases by the line of critical temperatures T s . The boundaries between the 
OAF-phase and the other AF-phases mark a transition temperature 7 r, a reorientation temperature at 
which a change occurs in the magnetic order of the system. These four phase-transition lines meet in a 
tetracritical point as predicted by Aharony and Fishman [76A12, 78F4]. In Fig. 3.59, this multicritical 
point is at x C P = 0.22 and T c P = 57 K [86V1]. For a better understanding of the magnetic ordering in 
K 2 FC|_ x Co x F 4 , it is advisable to look in more detail at the experimental data, first at those obtained by 
neutron scattering. The intensity of antiferromagnetic superreflections is proportional to the square of the 
sublattice magnetization A/ subl [71B1, 71M2, 73B1, 77B2] as already mentioned in context with Eq. 3.18 
in Sect. 3.1.3 and with Eq. 3.66 in Sect. 3.1.9. And since M subl is a measure for the 3D LRO in 
antiferromagnets, information about this order is gained from the intensities of antiferromagnetic Bragg 
reflections studied as a function of temperature by neutron scattering. In these quasi-2D materials, 
antiferromagnetic Bragg rods are observed as mentioned in Sect. 2.1.2 and shown in Fig. 2.5b. The 
temperature dependence of such a Bragg rod intensity will analogously provide information about 2D 
ordering, which is usually a finite and not a long-range order. Only in the Ising-compounds K 2 CoF 4 and 
Rb 2 CoF 4 , a 2D LRO is possible because of the existence of a phase transition at T c > 0 in the 2D Ising 
model (cf. Sect. 3.1.9). The intensity of the antiferromagnetic Bragg rod at K = (1,0, 0.4) is shown in 
Fig. 3.60 as a function of temperature in the range (0 < T< 100 K) for several concentrations x of the 
system K 2 Fe!_ x Co x F 4 . In all cases, there is an increase of the intensity with decreasing temperature, 
reaching a maximum at the Neel temperature T N and decreasing then for temperatures below T’n due to 
the onset of 3D LRO and due to the transfer of scattering intensity from the Bragg rod to the Bragg 
reflections. Therefore, T N can be determined from the maximum of the rod intensity or from the 
temperature where the intensity of a Bragg reflection or M subl (T) vanishes (see Fig. 3.26 in Sect. 3.1.9). 
The experimental points in Fig. 3.59 at the boundary to the PM-phase (= T N ) correspond to the maxima 
of the rod intensities in Fig. 3.60. In addition to the maximum at T N = 64.4 K, the experimental data for 
x = 0.27 show a second broader maximum at the reorientation temperature T R = 27 K. As expected from 
Fig. 3.59, only the spin components parallel to the c-axis undergo at T h a transition to LRO (axial AF- 
phase) while below T R a canted antiferromagnetic order is established with spin components parallel and 
perpendicular to the c-axis (OAF-phase). This was deduced from a detailed analysis of the neutron 
scattering data [86V1]. The samples with x = 0.12 and x = 0.18 show below T N the planar 
antiferromagnetic order and that with x = 0.55 the axial one, as expected from Fig. 3.59. We note further 
that for x = 0.12 and x = 0.18, the rod intensity goes to zero at low temperature while it does not for 
x = 0.27 and x = 0.55 indicating that the spins fail to achieve a complete 3D LRO but only a finite 2D 
order in the layers with less correlation between them. The intensities of several antiferromagnetic Bragg 
reflections (cf. Fig. 1 of [86V1]) increase for x = 0.12, 0.18, and 0.55 steadily with decreasing 
temperature while that for x = 0.27 shows a first rise for T< T’n and a second distinct one for T<T R which 
can also be seen in the results of a Mossbauer study for x = 0.27 [85V3] while it is absent there also for 
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x = 0.55 and x = 0.70. These results are presented in Fig. 3.61 as the temperature dependence of the 
hyperfine field H hf which is directly proportional to the sublattice magnetization. They are in accordance 
with the (T n , x) phase diagram (cf. Fig. 3.59). 

Neutron scattering, Mossbauer, and NMR data provide also information about the cant angles 0 Fe and 
0 Co (Eq. 3.149b) in the OAF-phase [84H3, 85V3, 86V2]. Mossbauer studies allow a measurement of 0 Fe 
while the NMR data yield values for 0 Fe and 9 (o . The temperature dependence of various anti¬ 
ferromagnetic Bragg reflections was further used to determine the order parameter critical exponent (3 (for 
definition and details see Sect. 4.1.4, especially Eq. 4.20). It turns out that (3 reaches a maximum for 
concentrations near the tetracritical point (cf. the detailed data in Table 6 ). Further, the local 
magnetizations of K 2 Fei_ x Co x F 4 were investigated with 19 F-NMR [86V2, 88V2]. A number of signals are 
observed for x = 0.12, 0.18, 0.27, and 0.55 which are assigned to the resonance NMR frequency for 
19 F-ions near Fe 2+ - and Co 2+ -ions surrounded by a certain number (0 <«< 4) of Fe 2+ - and Co 2+ - 
neighbours. In addition, neutron inelastic scattering experiments were performed on K 2 Fe]_ x Co x F 4 for 
x = 0.2, x = 0.27, and x = 0.6 [84H3, 87H4]. The resulting magnon dispersion relations for x = 0.6 (axial 
AF-phase) consist of two branches and are very similar to those of Rb 2 Mn 0 . 5 Nio. 5 F 4 (cf. Fig. 3.57) and 
other easy-axis mixed antiferromagnets discussed in the last section. For x = 0.27 (OAF-phase), two low- 
frequency branches (hco < 100 cm” 1 ) were determined (cf. Fig 3.62) which join to a degenerate magnon 
state at the zone boundary as observed in pure K 2 FeF 4 (see Fig. 3.14 in Sect. 3.1.5). Finally, Hagen and 
Higgins [88H3] performed a model calculations with an average crystal approximation [81M6] and a 
computer simulation for the ground state properties and the magnon dispersion of K 2 Fe 0 . 73 C 00 . 27 F 4 where 
the computer simulation accounts also for fluctuations in the concentration and the spin cant angles 9 lc 
and 0 Co . As input parameters, they have used the values of ^|,co-Co> ^J_,Co-Co> ^Fe-Fe> E) Fe , and E Fe reported 
for the pure end members K 2 CoF 4 and K 2 FeF 4 (see Table 5 and [79M1, 82T1 ]). As constants for the 
exchange between Fe 2+ and Co 2 . the values 

J|| Fe-Co = “18-55 cm ” 1 (cf. Table 5) and Fe _ Co =-13.3 cm ” 1 

calculated by means of Eq. 3.147 were used. In contrast to the average-crystal model, the computer 
simulation yields for the ground state properties that 0 Fe and 9 Co start to deviate from 90° near x = 0.12 
which is still in the planar AF-phase and reach the final value 0° near x = 0.50. For x = 0.27 in the OAF- 
phase, a broad distribution of cant angles results from the computer simulation which is absent in the 
average model calculation. In Fig. 3.62, the experimental data for the magnon dispersion relation of 
K 2 Fe 0 . V 3 Coo. 27 F 4 are compared to the results of the simple model calculation and of the computer 
simulation based on the above mentioned results for the ground state of the system. The computer 
simulation data (solid lines in Fig. 3.62) agree much better with the experimental points than the average- 
crystal model (broken lines), except for the gap of the lower branch at q = 0. Here, the agreement for the 
computer simulation can be improved by using an in-plane anisotropy constant E Ve = -0.12 cm ” 1 smaller 
than that for pure K 2 FeF 4 (E fc = -0.20 cm” 1 ) without affecting perceptibly the results at higher energies. 
Thus, it seems that Ep e which depends on the orthorhombic symmetry in the ordered state is indeed 
smaller for the mixed crystal. 

A similar mixed system with competing anisotropies is Rb 2 Fei_ x Co x F 4 . It was investigated by 
Mossbauer spectroscopy [84H4] the results of which indicate a (T N , x) phase diagram with OAF-phase 
and a tetracritical point very similar to K 2 Fe!_ x Co x F 4 (cf. Fig. 3.59). Another mixture of an easy-axis with 
an easy-plane antiferromagnet is K 2 Mn!_ x Fe x F 4 . Its magnetic ordering and structure was studied by 
neutron scattering [77B8, 78B4, 78B10, 78B11] and by susceptibility measurements [78B4, 78B10]. Also 
renormalized spin-wave calculations were performed [78L3]. The (T s , x) phase diagram resulting from all 
these data (see Table 6 and Fig. 1 of [79B2]) shows also an axial AF-phase (for x< 0.02), a planar AF- 
phase for x > 0.03, an OAF-phase and a tetracritical point at x c P = 0.026, T c P = 36 K [86F5]. Because of 
the small anisotropy of Mn 2+ , all this happens for Fe 2+ -concentrations smaller than 5% (x < 0.05). An 
estimate for the critical concentration analogous to Eq. 3.148 yields for K 2 Mn |_ x Fc x F 4 
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X- A A ,Fe = (l-x) ■ *A,Mn (3.150) 

As solution of Eq. 3.150, we obtain x = 0.027 with the values from Table 5: 

h ARe = I D/zJ\ = 0.132 /z AMn = 0.0036 

This simple estimate is again close to the critical concentration in the (x, T) phase diagram. For the system 
K 2 Mn]_ x Fe x F 4 , samples were investigated with x = 0.023 <x C P and x = 0.028 >x CP so that, before 
entering into the OAF-phase below T v , one of them (x = 0.023) exhibits in the range (T R <T<T N ) 
ordering of the axial spin components and the other one (x = 0.028) ordering of the planar spin 
components. Theoretically, the results of a mean-field model calculation were compared to the 
experimentally determined (T N , x) phase diagram [81S8, 82S6]. Further, n-diffraction experiments were 
performed on a sample with x = 0.022 in external fields H 0 || c up to 5 T in order to obtain the (H 0 , T) 
phase diagram of this sample (see Fig. 3.63). We recall from Sect. 3.1.6 the usual ( H 0 , 7) phase diagram 
of an easy-axis antiferromagnet with (axial) antiferromagnetic (AF), spin-flop (SF), paramagnetic (PM) 
phases and a bicritical point (see Figs. 3.18 and 3.19) which is different from that in Fig. 3.63 for the 
x = 0.022 sample. For low fields (H 0 <1 T), this sample is for T < T R = 16 K in the OAF-phase, for 
T r <T<T n = 40.5 K in the axial AF-phase and for T> T N paramagnetic. For fields of 3-4 T, it undergoes 
a transition to a field-induced planar antiferromagnetic phase which is equivalent to the SF-phase of an 
easy-axis antiferromagnet. The experimental points in Fig. 3.63 result from scanning the intensity of the 
(1,0, 0) or (0, 1,0) antiferromagnetic Bragg peak either as function of T at fixed H 0 or as function of H 0 at 
fixed T (solid and open circles, resp., in Fig. 3.63). In the phase diagram, all four phase boundaries seem 
to meet in one point which would then be a tetracritical point. Similar magnetic phase diagrams with an 
OAF-phase and a tetracritical point but not quite the same as Fig. 3.63 were predicted theoretically [73L3, 
75B7, 76A13]. 


9.12.3.3.6 Mixed Magnets with Competing Exchange Interactions 

Competing exchange interactions arise in a mixed crystal when one end member is a ferromagnet and the 
other one an antiferromagnet. Examples of such systems are Rb 2 Cr 1 _ x Mn x Cl 4 and Rb 2 Co x Cu!_ x F 4 where 
we recall from Sects. 3.1.6 and 3.19 that Rb 2 MnCl 4 and Rb 2 CoF 4 are easy-axis antiferromagnets and from 
Sects. 3.2.1 and 3.2.2 that Rb 2 CrCl 4 and Rb 2 CuF 4 are easy-plane ferromagnets. The combination of ferro- 
and antiferromagnetic exchange leads to competing exchange interactions and to frustration when a spin 
cannot satisfy simultaneously the ferro- or antiferromagnetic bonds to its nearest neighbours. For Ising 
spins on a square lattice, there is a theoretical study of the frustration effect [77V3]. In addition to 
competing exchange, these model systems exhibit also competing anisotropies as discussed in the last 
section. Further, the orbital ordering of the Cr 2+ - and Cu 2+ -ions in Rb 2 CrCl 4 and Rb 2 CuF 4 , resp., occurs 
also in the mixed crystals for sufficiently large (1 -x). It leads to two distinct exchange interactions 
between Mn 2+ - and Cr 2+ -ions and between Co 2+ - and Cu 2+ -ions which is shown for Rb 2 Co 0 22 Cu 0 78 F 4 as 
an example in Fig. 3.64. The exchange depends on the orientation of the Cu 2+ -orbital relative to the Cu- 
Co bond [88D7, 88D10, 88D11]. If the d-orbital points toward the Co 2 + -ion, the exchange is 
antiferromagnetic, and it is ferromagnetic otherwise. Thus, there are two antiferromagnetic (Cu-Co and 
Co-Co) and two ferromagnetic bonds (Cu-Co and Cu-Cu) in Rb 2 Co x C'U|_ x F 4 where only the average of 
the two Cu-Co exchange parameters is accessible in experiments. The same scheme of exchange bonds as 
in Fig. 3.64 holds also for R^Gq x Mn x Cl 4 [84M7]. 

Some basic information about the magnetic ordering in these systems is obtained by spectroscopic 
methods. By Raman scattering [88M4], one-magnon spectra are observed for Rb 2 Cr 1 _ x Mn x Cl 4 on the Cr- 
rich side for x = 0.01, 0.13, 0.20 at the maximum magnon energy /?V max ~ 165 cm * 1 which are broader in 
comparison to pure Rb 2 CrCl 4 where also this mode is not at the zone boundary but Raman-active at q = 0 
because of the spin-canting and the doubling of the unit cell (cf. Eq. 3.90a in Sect. 3.2.2 and [87A3, 
88B3]). On the Mn-rich side for x>0.5, the Raman spectra show the two-magnon bands as usual in 
antiferrromagnets (cf. Figs. 3.4 and 3.5 in Sect. 3.1.2). Further, magnetic resonance experiments were 
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performed on Rb 2 Cr 1 _ x Mn x Cl 4 for various concentrations x. In some cases, not only AFMR or FMR were 
studied but also the EPR linewidth and its increase towards the critical temperatures [83T7, 84K6, 84T2]. 
Other AFMR or FMR measurements [84G3, 91G2] were carried out under various conditions, i.e. for 
H 0 || c and for H n A c with /) = 0 and ji = 45° where /j is the angle between H 0 and the x-axis (cf. Eq. 
3.43). Thus it was possible to identify on the Mn-rich side for 0.96 < x < 1.0 the AFMR spectra typical for 
an easy-axis antiferromagnet. The results for x = 0.972 are shown in Fig. 3.65 which look similar to those 
of pure Rb 2 MnCl 4 (Fig. 3.17) but with a smaller zero-field V AFMR and a smaller spin-flop field /Y SF as was 
already observed in diluted Rb 2 Mn x Cdi_ x Cl 4 (x = 0.91,0.80). If in Rb 2 Cr, x Mn x CI 4 the Co 2+ 
concentration is further increased, the single-ion anisotropy of Cr 2+ overcomes the axial anisotropy of 
Mn 2+ analogous to the examples shown in the last section (cf. Eqs. 3.148 and 3.150), and the axial 
antiferromagnetic order changes into an oblique order and finally into a planar antiferromagnetic order. 
And already for x = 0.934, the AFMR spectra (see Fig. 3.66) show the pattern of an easy-plane 
antiferromagnet like those observed for K 2 FeF 4 (see Sect. 3.1.5 and [80D]) with the larger Vafmr, out-of-pi. 
and the smaller Vafmr, in-plane for H 0 = 0 (cf. Eq. 3.37 in Sect. 3.1.5). On the Cr-rich side, the magnetic 
resonance spectra for x = 0.37 in Fig. 3.67 look similar to those of pure Rb 2 CrCl 4 (cf. Fig. 3.36), i.e. of an 
easy-plane ferromagnet. In comparison to Rb 2 CrCl 4 , the in-plane anisotropy, i.e. the difference between 
the data for /3 = 0 and /J = 45°, is quite diminished. The solid lines in Figs. 3.65-3.67 are generated by 
model calculations [85G3, 86G2, 91G2] employing an average or virtual crystal model which was 
introduced in context with Eqs. 3.142 and 3.143. For the discussion of the magnetic resonance 
experiments, the Hamiltonian Eq. 3.142 is converted to a classical energy density u, supplemented by in¬ 
plane anisotropy and Zeeman terms: 

u = x —- - M a M b + x (1-x)--- UT [M a M A + M c M„]-(l-x) ——— M c M d 

M m (M u M c y j - M c 
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- x - 
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] + x 
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Ml y] 


- (Hq + h) -[x M a + x M b + (1- x) M c + (1 — x) M d ] (3.151) 

where the notation is similar to Eq. 3.142. M a , M b , M c , and M d denote the magnetizations of the four 
sublattices (a = Mn T, b = Mn i, c = Cr T, d = Cr 1). The subscripts M and C refer to Mn and Cr, 
respectively. Thus, H E MM an d He,cc are the exchange fields for the Mn-Mn and Cr-Cr interactions with 
the values of pure Rb 2 MnCl 4 and pure Rb 2 CrCl 4 (cf. Table 5). No corrections were made for the change of 
the lattice parameters in the mixed crystal system. Within the model, the Cr-Cr exchange term is counted 
negative because of the ferromagnetic exchange between Cr 2+ -ions while the antiferromagnetic 
interactions are set positive, including the Mn-Cr exchange the average of which was determined to be 
antiferromagnetic by optical studies (see Table 5 and [82W8, 86D4]). The out-of-plane anisotropy terms 
in Eq. 3.151 are negative for Mn (H A M ) and positive for Cr (// A [: ) reflecting the easy-axis character of 
Rb 2 MnCl 4 and the easy-plane one of Rb 2 CrCl 4 . The in-plane anisotropy terms are of the type with 
tetragonal symmetry as in the energy densities for the magnetic resonance experiments on Rb 2 MnCl 4 (cf. 
Eq. 3.41 in Sect. 3.1.6) and on Rb 2 CrCl 4 (cf. Eq. 3.104 in Sect. 3.2.3). In the model for the mixed crystals, 
for Rb 2 MnCl 4 the small orthorhombic in-plane anisotropy field // A and for Rb 2 CrCl 4 the small spin 
canting have been neglected. The demagnetization corrections are not written explicitly in Eq. 3.151 but 
have been applied for samples with ferromagnetic order. The model calculations were performed along 
the lines described for the analysis of the AFMR experiments on pure Rb 2 MnCl 4 in Sect. 3.1.6. They 


Landolt-Bornstein 
New Series III/27J3 










238 


9.12.3.3 Doped and Mixed Systems 


[Ref. p. 328 


started with the values of the pure end members also for the anisotropy fields H AM , H A C , H A M , and 
H A c (see Table 5 and Table 1 of [91G2]). But in the course of this procedure, it turned out that an 

optimum agreement between experimental and calculated was obtained by assuming the anisotropy fields 
to be dependent on the concentration x (see Table 2 of [91G2]). For the samples in the intermediate 
concentration range with x = 0.59, 0.70, and 0.75 however, the fit procedure leads to unreasonable values 
for the anisotropy fields so that the model was abandoned for these samples. Thus, the model is 
appropriate to give some insight into the magnetic structures of the system Rb 2 Cr! _ x Mn x Cl 4 with 
competing exchange and competing anisotropies on the Mn-rich side (Figs. 3.65 and 3.66) and on the Cr- 
rich side (Fig. 3.67). In addition to the magnetic resonance experiments, also magnetization 
measurements were performed on Rb 2 Ci'| „ x Mn x Cl 4 samples for concentrations x = 0.980, 0.972 on the 
Mn-rich side and x = 0, 0.083, 0.131, 0.306 on the Cr-rich side [86G2, 86G3]. And the average model 
describes also quite well the magnetization data on the Cr-rich side as demonstrated in Fig. 3.68 with 
magnetization M at 4.2 K for H 0 J_ c. The strong decrease of the saturation magnetization with increasing 
Mn 2+ -concentration results from the antiferromagnetic coupling between Mn 2+ - and Cr 2+ -ions in this 
mixed system. Since this virtual crystal model averages over all local environments of the ions, it cannot 
take into account the randomness of this system and cannot deal explicitly with different neighbour 
configurations. Therefore, we cannot expect it to be an adequate description in the intermediate 
concentration range where it failed to describe reasonably well the magnetic resonance data. 

So we are left with the question what happens for intermediate concentrations x where ferro- and 
antiferromagnetic exchange interactions cancel each other. Some theoretical studies have derived (T c , x) 
phase diagrams for competing exchange interactions. Some of them [75A6, 79F3, 7903, 84H5] show a 
ferromagnetic, an antiferromagnetic and a mixed phase, in addition to the paramagnetic phase where the 
four lines separating the phases meet in a tetracritical point. Others [78M4, 80F3] predict a spin-glass 
phase at low temperatures between the ferro- and the antiferromagnetic phase as shown schematically in 
Fig. 3.69. In particular, a model calculation was performed for mixtures with competing exchange and a 
Jahn-Teller effect in one end member like Rb 2 Cr 1 _ x Mn x Cl 4 and Rb 2 Co x Cui_ x F 4 [84M7] where also a spin- 
glass phase is obtained for intermediate concentrations. Much attention was focussed on spin glasses in 
the last 25 years and the important results are compiled in a number of review papers [85H4, 86B7, 
86M5, 86Y3, 96M]. For an excellent introduction into this subject and into the properties of spin glasses, 
the reader is referred to the monograph by Mydosh [93M3]. A spin glass is a magnetic phase like those 
with LRO, namely the ferromagnetic and the antiferromagnetic one. It is characterized by competing 
exchange interactions which exhibits a "freezing transition" at a freezing temperature 7j- or T c to a new 
kind of order where the spins are aligned in random directions in a frozen state. The question whether the 
system undergoes a new type of phase transition [87S3] or fails merely to establish complete thermal 
equilibrium during the observation time has been answered meanwhile in favour of the phase transition. 
In model considerations, the competing exchange interactions are treated as random positive or negative 
bonds, e.g. in the famous model of Edwards and Anderson [75E2] and its solution by Sherrington and 
Kirkpatrick [75S5]. But also site-random models have been discussed [7904]. While for diluted 
artiferromagnets it was advantageous to consider them as site-diluted and not as bond-diluted, it is more 
appropriate to discuss the spin glasses under consideration in terms of bond-randomness and not in terms 
of site-randomness. For our further discussion, it is not necessary to present here a comprehensive 
introduction to spin glasses. Only some experimental characteristics are compiled here: 

1) The ac suceptibility shows a cusp at a frequency-dependent freezing temperature T f . 

2) There is no anomaly of the magnetic specific heat C m agn at 7j 

3) There is a hysteresis in the FC-ZFC de-susceptibility and a thermo-remanent magnetization in FC 
experiments. 

4) There is no magnetic LRO and, thus, no magnetic Bragg intensity observed below T { in neutron 
scattering experiments. 
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Along the lines of these characteristics, spin-glass behaviour has been observed in Rb 2 Cr! _ x Mn x Cl 4 for 
x = 0.42, 0.6, 0.62 [82K7, 82K8, 83K10] and in Rb 2 Co x Cu 1 _ x F 4 for x = 0.218, 0.326 [88D1, 88D1 1], As 
an example of evidence for spin-glass behaviour. Fig. 3.70 presents the ac susceptibility ^ ac of 
Rb 2 Cr 0 4 Mn 0 6 C1 4 for h ±c and as a function of temperature with the cusp at the frequency-dependent 
freezing temperature T f . Another example illustrates the temperature variation of the low-field 
(H 0 = 1 mT) dc susceptibility of Rb 2 Co n2 | 8 Cu (l7X2 F 4 in Fig. 3.71. In the field-cooling experiment (FC), 
X\\ c for H 0 || c (see Fig. 3.71a) increases monotonically upon a typical slow cooling rate of 5 mK/s. The 
susceptibility X\\c obtained by zero-field cooling (ZFC) exhibits a maximum near 3 K which is 
phenomenologically identified with T { . There are strong dynamic effects, as the maximum and thus T { 
depends on the waiting time t w between switching on the field and taking the data. For % = 10 s and 
% : =90s, the maxima are at T { = 3.10(2) K and T f = 2.97(2) K (see Table 5). The data in Fig. 3.71b 
demonstrate that the FC and ZFC data of %j_ c for H (] _L c are indistinguishable proving that only the spin 
components parallel to the c-axis are involved in the spin-glass freezing. This is expected from the strong 

axial anisotropy of Co 2+ and, since .S Co = j andS Cu = -j, Rb 2 Co x Cui_ x F 4 with 0.18<x<0.40 can be 

called an experimental realization of a 2D Ising spin glass on a square lattice. Samples with spin glass 
behaviour of the mixed system Rb 2 Crj_ x Mn x Cl 4 (x = 0.42, 0.50, 0.53, 0.62) have further been studied by 
magnetic resonance [82K8, 82K9]. The results for 20-35 GFlz at H 0 _L c [82K8] were interpreted in terms 
of results on metallic spin glasses [80S6, 85G4] although only one mode was observed in 
Rb 2 Cr]_ x Mn x Cl 4 out of three modes observed in the metallic spin glass. The results for 50-170 GFlz at 
Hq || c give evidence for a strong planar anisotropy resulting from the single-ion anisotropy of Cr 2+ due to 
the crystal field effects which were studied for the mixed system by Rudowicz et al. [92R2, 93R3]. Thus, 
Rb 2 Cri„ x Mn x Cl 4 may be considered an approximation to a 2D XY-spin-glass with nearly classical spins 
(*Scr = 2 and S Mn = 2.5). 

For the whole concentration range 0<x<l of Rb 2 Co x Cu!_ x F 4 , the critical temperatures T c for 
transitions to ordered ferro- and antiferromagnetic phases as well as the freezing temperatures for spin 
glasses were determined by susceptibility measurements [88D1, 88D11] and by neutron scattering [92S1, 
92S8]. The results are compiled in Table 5 and in the ( T c , x) phase diagram Fig. 3.72. In the range 
0<x<0.18, ferromagnetic order is observed with competing anisotropy, starting with a planar 
ferromagnetic phase, followed by an oblique ferromagnetic phase and finally an axial ferromagnetic 
phase where the four phase lines meet in a tetracritical point (see insert to Fig. 3.72). This is analogous to 
Fig. 3.59 in the last section, namely the phase diagram of K 2 FC|_ x Co x F 4 . The only difference is that 
Rb 2 Co x Cui_ x F 4 with 0<x<0.18 is a ferromagnetic system with competing anisotropies while 
K 2 FC|_ x Co x F 4 is an antiferromagnetic one. In the range 0.18 < x < 0.40, Rb 2 Co x CU] X F 4 exhibits spin glass 
freezing. While the transition temperatures T c to an ordered phase are marked by circles in Fig. 3.72, the 
freezing temperatures T f are shown as crosses with a dashed line. The solid phase boundary lines in Fig. 
3.72 are continued in the spin-glass range as T c = 0 since a 2D random-bond Ising spin glass is predicted 
to have no proper spin glass transition for T c > 0 but to have one for T c = 0 [79M3, 80M8, 84B7], i.e. the 
lower critical dimension is for these systems larger than two. However, there is some evidence for a spin 
glass transition in a 2D site-random Ising model [95S3]. For the remaining range 0.40 < x < 1.0, Fig. 3.72 
shows axial antiferromagnetic order of Rb 2 Co x Cui_ x F 4 because the antiferromagnetic exchange and the 
easy-axis anisotropy of the Co 2+ -ions is dominating for these concentrations. Similar susceptibility and 
neutron scattering investigations were performed also for Rb 2 Crj_ x Mn x Cl 4 [81M1, 82K6, 84K8, 84M1, 
86K12, 86N3, 88H4, 88K8, 88S7, 88T2, 89S1, 91S1, 92S7], The resulting phase diagram is not so clear 
as that for Rb 2 Co x Cu! _ X F 4 in Fig. 3.72 and will therefore be discussed later in Sect. 4.1.13 in context with 
critical properties. A peculiarity of this system is that on the Cr-rich side (0 < x < 0.5) first a transition to 
ferromagnetic order is observed around 30-40 K and then a re-entrant spin-glass freezing near 10 K 
[84K8, 86K10, 86K12, 88K8, 91S1]. The ac susceptibility for these samples (see Fig. 3.73) shows upon 
lowering the temperature a steep increase of ^ ac for h _L c at T c and reaches then a plateau which is 
probably due to demagnetization effects. We recall from Eq. 3.94a in Sect. 3.2.3 that the observed 

susceptibility ^““p approaches the demagnetization coefficient N a when the true susceptibility % aa 
diverges at the transition to the ferromagnetic phase. This transition is sharp for x = 0.17 and 0.36 while it 
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becomes broad for x = 0.50. The experimental data in Fig. 3.73 show further a rather steep decrease of^ ac 
which indicates the re-entrant spin-glass freezing and which is absent in pure Rb 2 CrCl 4 [86K10]. This 
decrease and the freezing temperature 7} derived from it are frequency-dependent (see e.g. Fig. 11 of 
[88K8]). Such re-entrant spin-glass behaviour was found in a number of spin-glass systems [93M3]. In a 
physical picture, it may be explained as the melting or freezing of frustrated spins [86S7] which influence 
little the ferromagnetic properties when they are molten but strongly when they are frozen in the spin- 
glass state. It has further been shown that in such systems ferromagnetic and spin-glass orderings may 
coexist [81G5, 82S7]. Finally, re-entrance phenomena like those observed in Rb 2 Cr!_ x Mn x Cl 4 were 
predicted in Monte Carlo simulations for the 2D random-bond XY-spin-glass [85K2, 86K1 1]. 

Also the magnetic excitations reveal unusual and peculiar properties in these systems with competing 
exchange interactions and competing anisotropies. For concentrations close to the end member Rb 2 CuF 4 
however, neutron inelastic scattering data taken at 6.7 K [92S8] yield for Rb 2 Co 0 . 037 Cu 0 . 963 F 4 a spin-wave 
branch which is well described by the approximation for a 2D Fleisenberg ferromagnet (see Eq. 3.72 in 
Sect. 3.2.1) with an effective J= 10.3(3) K although the sample with x = 0.037 undergoes at T c = 5.4 K a 
transition to an axial and at T R = 3.3 K to the oblique ferromagnetic phase (cf. Fig. 3.72 and Table 5). 
But there is obviously no influence of the anisotropy fields on the Heisenberg approximation. For the 
system Rb 2 Cr!_ x Mn x Cl 4 on the other hand, samples with concentrations x = 0.25, 0.59, and 0.70 were 
studied by neutron inelastic scattering [86S5, 87S2, 88S7, 88S8]. These concentrations are sufficiently 
away from x = 0 and x = 1 so that the randomness will influence the results. One sample (x = 0.25) is on 
the Cr-rich side with ferromagnetic order, one (x = 0.70) on the Mn-rich side with antiferromagnetic and 
the last one (x = 0.59) with spin-glass behaviour. For a comparing discussion of the magnetic excitations 
in these three samples representing the essential three possibilities of magnetic ordering in 
Rb 2 Cr]_ x Mn x Cl 4 with different Brillouin zones, it is advisable to use a common system of wavevectors for 
their description, namely the coordinate system (q x0 , q y0 , q z0 ) in reciprocal space corresponding to the 
(x 0 ,y 0 ,z 0 ) coordinate system in real space based on the I4/mmm unit cell (cf. discussion and Fig. 2.5 in 
Sect. 2.1.2). The (c/ x0 , g y0 )-plane in reciprocal space is shown in Fig. 3.74. The point (1, 1, 0) represents a 
nuclear Bragg reflection of 14/mmm and is thus in our considerations the centre of the "ferromagnetic" 
Brillouin zone (dashed line in Fig. 3.74) without doubling of the unit cell. The point (0.5, 0.5,0) 
corresponds to an antiferromagnetic superreflection and is therefore taken as the centre of the 
"antiferromagnetic" Brillouin zone (solid line in Fig. 3.74) with doubling of the unit cell. For a common 
description of the magnetic excitations in all three samples, the reduced wavevector C is chosen in relation 
to the wavevector Q 


Q=(l-Qa*+(1-Qb* or e = (l-C,l-C,0) (3.152) 

That means C runs from 0 to 0.5 for the ferromagnetic sample (x= 0.25) and from 0.5 to 0.25 for the 
antiferromagnetic sample (x = 0.70). For the spin-glass sample (x = 0.5), the range will be also 
0 < C, < 0.5. The experimental results are reproduced in Figs. 3.75 and 3.76 for Rb 2 Cr 03 Mn 0 70 Cl 4 and 
Rb 2 Cr 0 7 5 Mno 2 5 Cl 4 , respectively. The widths of the neutron groups are larger in the mixed crystals than 
in pure materials. This width of the excitations is indicated by bars in the figures, namely by vertical bars 
for constant-^) scans and by horizontal bars for constant-energy scans. Most of the data were taken at 5 K, 
and some of the data for x = 0.25 at 13 K. But there is no significant temperature shift in the experimental 
data (circles and triangles in Fig. 3.76). Surprisingly, there is a coexistence of a usual spin-wave branch 
and of dispersionless modes in the excitation spectra. And it is even more surprising that the magnon 
branches in Figs. 3.75 and 3.76 are identical to those of pure Rb 2 MnCl 4 (see Fig. 4 of [80S2]) and 
Rb 2 CrCl 4 (see Fig. 3.35 and [80E1, 81H4]), resp., except for a small range for the zone boundary (see 
dashed lines in Figs. 3.75 and 3.76). From the results in mixed antiferromagnets like Rb 2 Mn 0 5 Ni 0 5 F 4 (cf. 
Fig. 3.57), one would expect that also in the RbiCrj _ x Mn x Cl 4 the magnons would be shifted to higher or 
lower energies with respect to those of the pure end members. The dispersionless part of the excitations 
was identified as cluster modes and the horizontal solid lines were calculated by means of the Ising 
cluster approximation [72C2, 76C3] introduced in Eq. 3.140 for diluted magnets and in Eq. 3.144 for 
mixed antiferromagnets, which has to be extended here to non-collinear magnetic systems 
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^n.M - 2 n S m Jmm cos<5mm + 2 (z - n) S c Jmc cos ^mc 
En,c = 2nS M Jy[ c cos5 M c + 2(z - n) SqJqq cos<5<x 


(3.153) 


where the subscripts M and C refer to Mn and Cr, resp., i.e. .S M = 2.5 and S c = 2.0. The angles 5 mm, <5 mc , 
and S(c measure the differences between the equilibrium spin directions in the c-plane for a pair of 
Mn 2+ - Mn 2+ , Mn 2+ - Cr 2+ and Cr 2+ - Cr 2+ nearest neighbours, resp., which were calculated by means of 
the virtual crystal or average model (Eq. 3.151). Note that in Eq. 3.153 no longer the absolute value of the 
exchange parameters is used and that they enter the equation with the appropriate sign 


J MM = -121.9 GHz J MC = -45.0 GHz J cc = +157.5 GHz 

These are, converted to GHz, the values of pure Rb 2 MnCl 4 (/ MM ), of pure Rb 2 CrCl 4 (Jcc) and of the 
mixed system from optical studies (./• v(c ), all listed in Table 5. For antiferromagnetic order, the value of 8 
will be close to 180° and with cos<5 = - 1 the negative sign of J will be compensated and thus E n becomes 
positive. For ferromagnetic order, 8 will be close to 0° with cos<5 = + 1 and again a positive E n results. For 
our mixed system, the angles depend strongly on the concentration x 


x = 0.25 (Smm = 129° <5 mc = 242° 8 CC = 6° 

x = 0.59 <5mm=168° <S mc = 250° <5 cc = 28° 

x = 0.70 4im=174° <5 M c = 243° <5 C c = 48° 

and with these values, E n M and E n C were calculated for the clusters indicated to the right of the Fig. 3.75 
and 3.76. The agreement with the dispersionsless experimental data is remarkably good. It should further 
be mentioned that in the antiferromagnetic sample (x = 0.70, Fig. 3.75) the cluster modes were observed 
beyond 'Q = 0.25 but not the magnons. The results for the spin-glass sample Rb 2 Cr 041 Mn 0 sgCLt in 
Fig. 3.77 (full circles for data obtained with the IN8 in Grenoble and open triangles for data obtained with 
the triple-axis spectrometer in Saclay) are not very different from those of the other two samples, except 
that the widths of the excitations have become larger. There are again dispersionless cluster modes in 
rather good agreement with the data calculated by means of Eq. 3.153. And quasi as an intermediate link 
between the other two samples, ferro- as well as antiferromagnetic (/-dependent spin waves have been 
found. However, the excitations were only observed for values of q counted from the corresponding zone 
centre which are larger than the inverse correlation length K or with a wavelength smaller than the 
correlation length. By means of neutron scattering [86N3, 88S7] with scans across the Bragg rod at 
(0.5, 0.5, 0.25), the inverse correlation length if and the energy width or relaxation rate r (cf. Eq. 4.131) 
were determined as a function of temperature for this sample (see Fig. 3.78). For decreasing the 
temperature, K decreases and reaches a constant value for 0 < T< 20 K while F decreases also and 
approaches zero at about 11 K. That means the spatial disorder remains at a certain level at low 
temperatures while the temporal disorder and the temporal fluctuations disappear at the freezing 
temperature T { . The low-temperature value of K is indicated in Fig. 3.77 by arrows. In conclusion, the 
excitation spectra of the three Rb 2 Crj x Mn x Cl 4 samples (x = 0.25, 0.59, 0.70) are of a novel type and 
unusually rich. Therefore, the question arose whether these findings can be interpreted within the 
framework of harmonic magnon theory or whether some of the features are due to anharmonic effects. 
Therefore, a theoretical calculation [88C6, 88S9] was performed for the neutron scattering function 
S(Q , ft)) (cf. [68M2, 71M2] and Eq. 4.21 in Sect. 4.1.5) where Q is the reciprocal lattice vector defined in 
Eq. 3.152. For the calculation, a method was employed which was derived for disordered systems like 
spin glasses [80W3, 81C4]. In this equation-of-motion technique, the classical equilibrium spin 
configuration, i.e. the ground state, is first obtained in this numerical simulation. Then, for each spin 
separately, a Holstein-Primakoff expansion (cf. [40H] and Eq. 3.3 in Sect. 3.1.2) is carried out and only 
the lowest order terms are kept for calculating S(Q. co) for harmonic spin dynamics. The theoretical results 
confirm completely the experimental findings and their interpretation given above, namely the 
coexistence of propagating spin waves and dispersionless cluster modes with a high degree of 
localization. The similarity of the spectra of the three samples is an indication that they all originate from 
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nearly the same degree of disorder. No excitation spectra of this type have been observed in other spin- 
glass systems, there are similar spectra only in the quasi-one-dimensional system CsMn 0 89 Fe 0 nBr 3 also 
with competing exchange interactions [86G4]. The experimental results for the 3D Ising spin glass 
Fe 04 Mg 06 Cl 2 look different from those presented above [87W1, 87W2]. For another 3D system 
ni[ x Sr, _ X S, the search for magnetic excitations by neutron inelastic scattering was not very successful 
[81M8] although such excitations were predicted theoretically [80K8, 81K15]. 

Some other mixed magnets with competing exchange interactions and competing anisotropy are 
K 2 Mn x Cu,_ X F 4 , K 2 Co x Cu,_ x F 4 and (CFl 3 NF[ 3 ) 2 Mn x Cu 1 _ x Cl 4 which were also investigated with various 
methods. Magnetic resonance experiments were performed in order to obtain information about the 
magnetic ordering, about the preferred spin direction and the magnetic anisotropies in the mixed crystals 
[80B12, 83Y1, 83Y5, 88Y2]. Susceptibility measurements and neutron scattering experiments served to 
establish for both, K 2 Mn x Cu,_ x F 4 [78D3, 86K13] and K 2 Co x Cu!_ x F 4 [9012, 9013, 90K3], the (T c , x) phase 
diagrams which look very similar to that for Rb 2 Co x Cui_ x F 4 (cf. Fig. 3.72) and show again concentration 
ranges with spin-glass behaviour. In K 2 Mn x Cuj - x F 4 , there are also two exchange interactions between 
Mn 2+ - and Cu 2+ -ions as discussed above for Rb 2 Co x Cui_ x F 4 and Rb 2 Cr!_ x Mn x Cl 4 . The average exchange 
parameter was determined by optical studies [78F3] from an analysis of impurity-induced magnon 
sidebands and found to be negative (antiferromagnetic). In magnetization measurements on 
K 2 Mn x Cuj_ x F 4 [8915], the results show in the range 0<x<0.18 (ferromagnetic order!) for low external 
fields H 0 the same dependence on x as Rb 2 Cri_ x Mn x CI 4 (see Fig. 3.68) with an evidence for the 
antiferromagnetic coupling between the two kinds of magnetic ions. In addition to these results, the 
experiments on K 2 Mn x Gui_ x F 4 yield for high magnetic fields (H 0 > 10 T) a reorientation of the Mn 2+ -k>ns. 
Under the influence of the field, their spins are reversed and directed parallel to the field. With these 
complements on systems with competing exchange interactions, we may conclude that the most 
interesting result is the spin-glass behaviour in the intermediate concentration range of these quasi-two- 
dimensional mixed systems with the problem that for a 2D random bond Ising spin-glass a proper 
transition to a spin-glass phase is not possible because of T c = 0. 
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Fig. 3.2. Rb2MnF4. Spin-wave dispersion at 4.2 K, i.e. 
magnon energy tico versus </ = (C 0,0), q = (0.5, CO) 
and q = (C C 9)- The solid curve results from a fit with 
linear spin-wave theory (Eq. 3.14), including J 2 for next 
nearest neighbour exchange interaction (taken from 
[77C3]). 


Fig. 3.1. K2M11F4. Spin-wave dispersion at 4.5 K, 

i.e. magnon energy fio) versus q = (C, x , 0,0) and 
q = (0.25, 0, Cz), 9ie latter demonstrating the 2D char¬ 
acter of this compound. The solid line represents a best 
fit with linear spin-wave theory (Eq. 3.6), taken from 
[73B1], 


Fig. 3.3. K 2 NiF 4 . Temperature dependence of the 
AFMR frequency, presented as relative frequency 
v AFMr(^)/ v AFMr( 9)> experimental points and theo¬ 
retical curve calculated by renormalized spin-wave 
theory (after [74N1]). 
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Fig. 3.4. K 2 M 11 F 4 . Two-magnon Raman scattering line 
observed in xx-polarization, experimental points with 
the background subtracted and solid curve, a theoretical 
Green function calculation [69P2], scaled from 
Rb 2 MnF 4 to K 2 M 11 F 4 (taken from [73L2, 77L2]). The 
peak at 93 cnr 1 is due to residual scattering from a 

strong rt optical phonon. 


For Fig. 3.6. see next page. 


K 2 MnF 4 



1 t-Mn ' 




0 0.2 0.4 0.6 0.8 1.0 


Red. temperature T/T n 

Fig. 3.5. K 2 M 11 F 4 . Temperature dependence of the 

peak energy E p and the peak width W p of the two- 
magnon Raman line; theoretical calculation combining 
renormalized spin-wave theory with Green function 
technique (solid lines) and experimental points with 
error bars (open circles from [76P2] and closed circle 
from [73L2], taken from [76P2]). 


Fig. 3.7. K 2 M 11 F 4 . Sites of the Mn 2+ -ions with 

magnetic moments according to the antiferromagnetic 
order, and of the adjacent Ff and Ffj -ions. The NMR 
frequencies of the F| nuclei reflect the magnetizations of 
the spin-up and the spin-down sublattices, resp., while 
the NMR frequency of the F u nuclei scales with of the 
net magnetization (taken from [77A2]). 
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Temperature T [K] 



0 7.5 15.0 22.5 30.0 37.5 45.0 

Temperature T [K] 


Fig. 3.6. K 2 MnF 4 , Rb 2 MnF 4 . Temperature dependence 
of the NMR frequency / NMR of the out-of-plane 19 Fj 
nuclei which is proportional to the sublattice magne¬ 
tization M sub |, experimental points and solid curves 


representing a fit with renormalized spin-wave theory 
(cf. Eq. 3.18) up to 18 K and 17 K, respectively. The 
two Neel temperatures are also indicated (taken 
from [73W2]). 



0 10 20 30 40 50 


Temperature T [K] 

Fig. 3.8. K 2 MnF 4 . Temperature dependence of the net magnetization for 
various external magnetic fields H applied parallel to the c-axis, as reflected 
by the NMR frequency A/ NMR of the in-layer 19 F U nuclei, corrected for the 
Zeeman shift. The solid lines have been calculated with renormalized spin- 
wave theory using Eq. 3.21 (after [77A2]). 
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Fig. 3.9. K 2 M 11 F 4 . Temperature 
dependence of the molar 
magnetic susceptibilities % above 
% X\\ (°P en circles) and x± (fall 
circles) below J N for H 0 —> 0, 
obtained as differential % with an 
oscillating field (117 Hz). Below 
40 K, the solid curves are 
calculated with renormalized 
spin-wave theory similar to Eqs. 
3.22 and 3.23. Above T N , the 
solid curve results from a fit to a 
high-temperature series expansion 
(cf. Eqs. 3.26 and 3.27), taken 
from [82M4], 
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Fig. 3.10. A 2 MX 4 . Temperature 
dependence of for the spin-5 
quadratic-layer Heisenberg anti- 
ferromagnet for various 5, pre¬ 
sented as x/X (X '■ Eq. 3.28a) 
versus k B T '/1 J\ 5(5 +1), cal¬ 
culated by extrapolating the 
high-temperature series expan¬ 
sion. Indicated are typical errors 
resulting from the extrapolation 
and increasing with decreasing 
temperature. The results are accept¬ 
able except for 5=y where the 

extrapolation is less accurate. 
Also plotted is the molecular 
field result (Curie-Weiss law Eq. 
3.25), after [70L1], 


Fig. 3.11. K 3 Mn 2 F 7 . Spin-wave dispersion, i.e. reduced 
magnon energies h(o\q)/2zS\J\ versus wavevector q 
for q || (1,0, 0) and q |] (1, 1 , 0 ), i.e. the lower branch 
(i = 1, 2) and the upper branch (i = 3, 4), which 
correspond to in-phase and out-of-phase precessions of 
the spins in a pair of layers as indicated schematically. 
Both branches are doubly degenerate since Hq = 0. The 
curves are the result of a linear spin-wave calculation 
using Eq. 3.31 (taken from [77A4]). 
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Fig. 3.12. K 3 M 112 F 7 . Temperature 
dependence of the molar mag¬ 
netic susceptibilities x above T N , 
X\\ (open circles) and x± (full 
circles) below T N for H 0 —> 0, 
corrected for diamagnetic contri¬ 
butions. Below 40 K. the solid 
curves are calculated by means of 
renormalized spin-wave theory 
[77A4], Above T N , the solid curve 
results from a fit to a high- 
temperature series expansion (cf. 
Eqs. 3.26 and 3.27), taken from 
[77 A3], 



Fig. 3.13. A 2 MnX 4 (m=l), 
A^Mn^X-y (m = 2), A 4 Mii 2 Xjq 
(m =3), ..., AM 11 X 3 (m —> °°). 
Predictions for the antiferro¬ 
magnetic susceptibility ^(m)// 

(X '■ Eq- 3.28a) vs k B T/ \ J\ S(S + 1) 
for the .S’ = -| Heisenberg model 

from a high-temperature series 
with the coefficients for a system 
of m coupled square layers with 
free boundary conditions (taken 
from [76N1, 90N]). 
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Fig. 3.15. K 2 FeF 4 . Reduced sublattice magnetization 
^sublC^VMiubl(0)> the experimental points determined 
from the intensities of the (1,0,0) and (1,0,3) 
superreflections. The curves are the results of spin-wave 
calculations: renormalized theory with E(T)~ V xx - Vyy 
(solid curve) and with E = const, (dashed curve); further 
linear, unrenormalized theory (dotted curve). Near % 
the experimental data are well described by a power law 
(taken from [82T 1 ]). 


Fig. 3.14. K 2 FeF 4 . Spin-wave dispersion (two 
nondegenerate branches) at T=4.2K, i.e. magnon 
energy ftw vs. q = (1 + £ x , 0 , 1 ), q = ( 1 . 1 , 0,1 — i^) and 
q = ( 1,0, £ z ), the latter two demonstrating the 2D 
character. Experimental points measured with inelastic 
neutron scattering (open circles), far-infrared absorption 
(full circles) and Raman scattering (full diamond). The 
solid curves in the upper part represent a fit to the 
renormalized spin-wave dispersion relation (taken from 
[82T1]). 

-A 

Fig. 3.16. Easy-axis antiferromagnet A 2 MnX 4 . 
Schematic illustration of the relation between the 
AFMR frequency Vafmr and the ( H 0 , T) phase diagram 
for Hq = Hq z || c-axis. The ( Hq,T) diagram shows for 
H 0 < 7/sf die afm. phase (AF), for Hq > Hyy the spin- 
flop phase (SF) and for higher T the paramagnetic phase 
(PM). For H 0 = 0, ^^(7) is shown with V AFMR —> 0 
for T —> T n . For T ~ 0, VAFMR(ffo) exhibits two Zeeman 
branches, reflects the spin-flop transition at Hq = // SF 
and shows again two modes for Hq > // SF . 
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Fig. 3.17. Rb 2 MnCl 4 . AFMR frequency V AFMR at 
4.2 K versus magnetic field Hq applied parallel to the 
c-axis, experimental points and curves calculated by 
classical spin-wave theory, see Eqs. 3.41-3.51. The 
insert shows in detail the zero-field splitting of Vapmr 
due to an orthorhombic deformation below 7^ (after 
[91G2, 92G1]). 



Temperature T [K] 

Fig. 3.18. RbjMnCLj. Magnetic (Hq, T) phase diagram 
with the boundaries between the antifen'omagnetic, the 
spin-flop and the paramagnetic phases as determined by 
neutron diffraction. The solid lines are guides to the 
eye. The insert shows in detail the critical point (c.p.), a 
bifurcation point. For further details, see text (after 
[86R2]). 



Fig. 3.19. Rb 2 MnF 4 . Magnetic (Hq, T) phase diagram 
with the boundaries between the antiferromagnetic 
(AF), the spin-flop (SF) and the paramagnetic (PM) 
phases as determined by neutron diffraction, 
experimental points and calculated curves. The critical 
point is a bicritical one. For further explanations, 
especially with respect to the theoretical curves, see text 
(after [88C3, 93C2]). 
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Frequency v [GHz] 


Fig. 3.20. Rb 2 MnCl 4 . Zero-field 
splitting of the antiferromagnetic 
resonance, transmission T versus 
frequency V at various temper¬ 
atures. The experimental points 
(open circles) have been obtained 
with a tunable backwave oscillator 
by sweeping the frequency. The 
7[v)-curves are calculated by an 
oscillator model (Eq. 1 in [92G1]), 
taken from [92G1], 
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0 0.2 0.4 0.6 0.8 1.0 


Red. temperature J/T N 

Fig. 3.23. (C 2 H 5 NH 3 ) 2 CuCl 4 . Magnetic (H 0 , T/T^) 
phase diagram with the boundaries between the 
antiferromagnetic (AF), the spin-flop (SF) and the 
paramagnetic (PM) phases as derived from 
susceptibility measurements. Experimental data: 
transition to the SF-phase (open circles, full circles) for 
Hq || a (easy axis), transition to the PM-phase (open 
triangles) for Hq || a, (open squares) for //oil* (medium 
axis) and (full triangles) (o) for Hq || c (hard axis), after 
[72J3, 72J4], 


For Fig. 3.22 see next page. 


Fig. 3.21. RtbMnCl^ AFMR frequency Vafmr at 
4.2 K versus magnetic field Hq applied perpendicular to 
the c-axis for P=0°, 24° and 45° (/3= Z (Hq, a) where 
a || x-axis), experimental points observed for h -LHq 
(full circles) and It || Hq (full triangles). The solid curves 
result from a classical spin-wave calculation based on 
the method outlined in Eqs. 3.41-3.47 (taken from 
[9 1G1 , 92G1]). 
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Fig. 3.22. Rb 2 MnCl 4 . AFMR (v = 161 GHz), magnetic 
field at resonance // res in the configuration H 0 icasa 
function of the angle /3 between H 0 and the a-axis {x- 
axis), (a) experimental data (open circles) and 



b Angle /3 

(b) results of classical spin-wave calculation based on 
Eqs. 3.41-3.47 for domain 1 (full circles) and domain 2 
(open squares), taken from [92G1], 
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Fig. 3.24. K 2 CoF 4 . Splitting of the 4 T 4 (O^) ground 
state into 6 Kramers doublets (symmetry D 4 ^) by the 
crystal field and spin-orbit coupling, into 12 molecular- 
field single-ion levels (symmetry C 4 h) which become 
^-dependent excitons (ZB = zone boundary of the 
Brillouin zone). The level energies in cm -1 have been 
determined by Raman spectroscopy, after [79G5]. 
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Fig. 3.25. Rb 2 CoF 4 . Spin-wave dispersion, i.e. magnon 
energy t)co versus q = (C, x , 0, 0) at T = 6 K (full circles), 
at T = r N - 1.24 K (open circles) and at T= T N - 0.56 K 
(crosses). The solid line respresents the best fit of 
Eq. 3.63 to the data at 6 K. The broken lines are guide 
to the eye (taken from [7812]). 



Fig. 3.26. K 2 C 0 F 4 . Reduced sublattice magnetization 
Msubl(^) ! ^subl( 0 )> the experimental points determined 
from the intensities of the superreflections ( 1 , 0 , 0 ) 
(open circles) and (3,0,0) (full circles). The curve 
represents the exact result for the 2D Ising model 
(Eq. 3.66), taken from [7412]. 


A 2 CuX 4 



Fig. 3.27. A 2 CUX 4 . Ferromagnetic ordering within the layers (J> 0) and (a) 
ferromagnetic ordering of the layers ( J'> 0 ) and (b) antiferromagnetic 
ordering of the layers (J' < 0) where J and J' are the intralayer and the 
interlayer exchange constants, respectively. 
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Fig. 3.28. K 2 CuF 4 and La 2 Cu0 4 . 
Orbital ordering different in these 
two compounds, antiferrodistortive 
in K 2 CuF 4 and ferrodistortive in 
La 2 Cu0 4 which leads to 
ferromagnetic order in K 2 CuF 4 
and antiferromagnetic order in 
La 2 Cu0 4 . The basic (x 0 ,y 0 ,z 0 ) 
coordinate system is indicated 
(taken from [9611]). 



Fig. 3.29. A 2 MX 4 . 2D-approxi- 
mation, i.e. a square lattice: ferro¬ 
magnetic Brillouin zone [(<7 x o> <7yo)- 
system, heavy solid line] and 
antiferromagnetic Brillouin zone 
[fax, < 7 y)-system, heavy dash-dot 
line]. The sections through the 
{q x , g'yl-plane of the Brillouin 
zones of the 3D lattices are not 
quite equal to the 2D approxi¬ 
mations, fm. (I4/mmm, dashed 
lines) and afm. (Acam, dotted 
line). 
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Fig. 3.30. K 2 CuF 4 . Spin-wave dispersion at T= 1.1 K, 
i.e. magnon energy hco versus q = (i^ x0 , 0, 0) for the full 
range 0 < ^ x0 < 0.5 (high-g mode). The solid line 
represents a best fit to Eq. 3.72, the dispersion relation 
of a 2D Heisenberg model (taken from [83H4]). 



0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 


Reduced wavevector £ xo 

Fig. 3.31. K 2 CuF 4 . Spin-wave dispersion at 7’= 1.1 K, 
i.e. magnon energy hco versus q = (C, x0 ,0,0) for the 
range 0 < i^ x o < 0.06 (low-g mode). The solid curve 
results from a fit to Eqs. 3.71 and 3.73. The dashed line 
is obtained for h ^ = 0, and i^ 2 mark the boundaries of 
the 2D XY-regime as explained in the text. The shaded 
area indicates the influence of q z o in the 3D XY-regime 
(taken from [83H4]). 
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Fig. 3.32. K 2 CuF 4 . Reduced magnetization 
M(H 0 ,T)/M( 0) for H^Lc as reflected by the NMR 
frequency Tnmr of the 19 F[ nuclei for various values of 
Hq (experimental points). Also shown is /nmr of the 
63 Cu nuclei for H 0 = 0 scaled to /nmr of 19 F[. The solid 
curves for H 0 ^0 are calculated with renormalized spin- 
wave theory as described in [74K4] (taken from 
[74K4]). 
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Temperature T [K] 


Fig. 3.33. K 2 CUF 4 . Magnetization M Z (T) induced by a 
magnetic field applied parallel to the c-axis, 
experimental points for various values of H int , i.e. H 0 
corrected for demagnetization effects (cf. Eq. 3.92). The 
broken line is a critical line marking T c (H int ) as derived 
from 9 M/dT= max. The solid lines are guides to the eye 
(taken from [81H2]). 


Rb 2 CrCI 4 



Fig. 3.34. Rb 2 CrCl 4 . Magnetic 
and crystal structure in the 
(0,0, 1 (-plane. The displacements 
of the Cl - -ions due to the 
collective Jahn-Teller effect give 
rise to alternating uniaxial crystal 
fields on the Cr 2+ -ions, resulting in 
a canted spin structure with two 
sublattices denoted a and b. The 
canting angle 8 is exaggerated in 
the figure (8 ~ 0°). Indicated are 
also the (x 0 ,y 0 ,z 0 ) and (x,y, z) 
coordinate systems (after [81H4, 
86D3]). 
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Fig. 3.35. Rb 2 CrCl 4 . Spin-wave dispersion at several 
temperatures, i.e. magnon energy hco versus q = 
(£, £, 2.9) for 0 < C, < 0.08 and in the insert for 
0<^<0.5, experimental points and calculated curves 
giving a best fit with renormalized spin-wave theory to 
Hamiltonian .77(1) [Eq. 3.81] (taken from [81H4]). 



-135° -90° -45° 0° 45° 90° 135° 180° 225° 

Angle/? 

Fig. 3.37. Rb 2 CrCl 4 . Angular dependence of the FMR 
at 61.1 GHz in the basal plane, magnetic field H res at 
resonance versus p= Z(H a ,a) where a || x-axis, 
experimental points and curves calculated by classical 
spin-wave theory starting from Eq. 3.104. The /?- 
dependence of H res clearly reflects the fourfold crystal 
symmetry (after [82L1], 



Magnetic field H 0 [T] 


Fig. 3.36. Rb 2 CrCl 4 . FMR frequency V F mr at 4.2 K 
versus magnetic field H 0 applied perpendicular to the 
c-axis [1/7=90°, /3=0° (open circles) and /? = 45° 
(plusses)] and parallel to the c-axis [1/7=0° (full 
circles)]. The curves are calculated by classical spin- 
wave theory starting from Eq. 3.104 (see text), after 
[84G3, 91G2], 



-135° -90° -45° 0° 45° 90° 135° 


Angle/? 

Fig. 3.38. Rb 2 CrCl 4 . FMR at 61.1 GHz, dependence of 
the magnetic field H res at resonance on the polar angle 
t/zwhen the external field H 0 is applied at various angles 
y/ from y/= 0° (c-axis) to i/7= 90° (basal plane), 
experimental points for /? = 0° (open circles) and for 
/3=45° (crosses) and curves calculated by classical 
spin-wave theory starting from Eq. 3.104 (taken from 
[82L 1 ]). 
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Fig. 3.40. (CH 3 NH 3 ) 2 CuCl 4 . FMR frequency V FMR 
versus internal field // int , applied parallel to the c-axis 
(hard axis), at T= 1.2 K (open triangles), at T=4.2 K 
(full circles) and at T=9K (open circles). The solid 
curves (1.2 K) were calculated using Eqs. 3.108 and 
3.109 or 3.109a. For T< T c , the data reflect the spin 

reorientation transition. and Hq are the modified 
anisotropy field and the phase transition field, resp. 
(after [89D2, 90D3]). 


<— 

Fig. 3.39. (CH 3 NH 3 ) 2 CuCl 4 . FMR frequency V FM r 
versus magnetic field H 0 for H 0 [[ a (full circles) and 
H 0 \\b (open circles), i.e. parallel to the easy and 
medium axis, resp., at T= 1.2 K, T=4.2K and 
T= 10 K as indicated. The solid curves (1.2 K) were 
calculated using Eqs. 3.105, 3.106. For //oil* and 
T< % experimental and calculated data reflect the spin 
reorientation transition (after [89D2]). 
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Fig. 3.41. K 2 CUF 4 . (a) Reduced transmitted intensity 
I(Hq)/I(0) through a d= 1.835 mm thick sample for 
//o-Lc and V = 87.95 GHz at T=4.2K, experimental 
points and curve calculated as explained in the text; 



Magnetic field H 0 [T] 


(b), (c): calculated optical constants n and k. The 
polariton gap with I(H 0 ) ~ 0 is bounded by the fields H ar 
and H res (see text and Eqs. 3.113, 3.114), taken from 
[84K2], 
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Fig. 3.42. K 2 CUF 4 . Reflectivity R(H 0 ) of a d = 
0.77 mm thick sample for Hq ± c and v= 66.82 GHz at 
T— 4.2 K, experimental points and curve calculated as 
explained in the text. The high reflectivity near 
7/o=1.9T represents a reststrahlenband. The broken 
curve, calculated for d —> °<y is an "ideal" rest¬ 
strahlenband between the fields H w and H Tes (see text 
and Eqs. 3.113, 3.114), taken from [84K2], 
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Fig. 3.44. K 2 CuF 4 . Parallel pumping: (a) spin-wave 
dispersion, i.e. wavevector q versus magnetic field H 0 
for H„ || (1,0,0) at fixed frequency a> p /2n = 
8.949 GHz; and (b) subthreshold absorption at 4.2 K, 
i.e. absorbed microwave power AW/At versus H 0 , 
experiment (open circles), theory (cf. Eq. 3.112) (full 
line) and magnon density of states (broken line). H \, 
Hi, T/j are explained in the text (after [76Y2]). 


<— 

Fig. 3.43. K 2 CUF 4 . Parallel pumping: absorbed micro- 
wave power AW I At (ft) p /27t = 8.912 GHz) versus 
applied magnetic field H 0 for H 0 1| (1,0,0) at 
T= 1.31 K, below and above threshold. P\ and P c are 
the incident and the threshold power at Hi, respectively. 
H [, H 2 , H 2 are explained in the text (taken from 
[74Y1]). 
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Fig. 3.45. Rb 2 MnQ oiCdo 99 CI 4 . 
Electron paramagnetic resonance 
(EPR) spectrum of isolated Mn 2+ - 
ions for H 0 || c showing five groups 
of lines due to the anisotropy (fine 
structure) with the transitions 
S z —> S z + 1, each split into six 
lines by hyperfine interaction 
(taken from [82P1 ]). 


A 2 MX 4 : M 3+ 



Fig. 3.46. A 2 MX 4 doped with a small amount of 
M 3+ . Schematic model of the octahedron around the 
impurity for (a) centre I, (b) centre III and (c) centre V. 
Centre I without, centres III and V with charge com¬ 
pensation. For further details, see text (after [96A]). 
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A 2 M x Mi- x X 4 



Fig. 3.47. 

Demonstration of bond- and site- 
dilution on a square lattice, (a) one 
bond (exchange interaction) 
removed and (b) one site removed, 
i.e. one paramagnetic M 2+ -ion 
replaced by a diamagnetic M 2+ - 
ion. From the lattice, only the 
M 2+ -sites are shown (taken from 
[83S10]). 


For Fig. 3.48 see next page. 



Temperature T [K] 


Fig. 3.49. K 2 Cu x Zni_ x F 4 . Magnetic contribution 
Cmagn/R to the specific heat normalized to the 
concentration x as a function of temperature T. The 


solid lines are theoretical curves for x = x p and x = 1 
which are explained in the text (after [81T2]). 
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Fig. 3.48. K 2 Mn x Mg]_ x F 4 , K 2 Co x Mg!_ x F 4 , 
KMn x Mg 1 _ x F 3 . Reduced Neel temperatures T^x)/T N (1) 
versus concentration x. The theoretical values of the 
critical percolation concentrations for the square and the 
simple cubic lattices are marked by x p (2D) and x p (3D), 
respectively. The lines are guide to the eye. For further 
details, see text (taken from [70B5]). 


A 2 M x M 1 _ x X 4 (x = 0.50) 



Fig. 3.50. A 2 M x Mi_ x X 4 . Diluted system with paramagnetic M 2+ - and 

diamagnetic M 2+ -ions, computer simulation of the shape of the M 2+ -cluster 
on a square lattice with site-dilution for a concentration x = 0.50 (taken from 
[80B 1 ]). 
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Temperature T [K] 


Fig. 3.51. K 2 Coo. 83 Zno. 17 F 4 . Temperature dependence 
of the 19 F r NMR frequencies/ nmr> extrapolated to zero 
external field, for clusters with n Co 2+ nearest 
neighbours as indicated. The solid curves are calculated 
by means of Eq. 3.136 as explained in the text (taken 
from [85D2]). 




0 2 4 6 8 10 


Magnetic field H 0 [T] 

Fig. 3.53. Rb 2 Mn x Cd 1 _ x Cl 4 with x = 0.91, 0.80. AFMR 
frequency V A fmr at T= 4.2 K versus magnetic field H 0 
applied parallel to the c-axis, experimental points and 
curves calculated by classical spin-wave theory. 



Fig. 3.52. K 2 Feo 7 4 Zno 26 F 4 . Reduced sublattice 
magnetization M sub[ (7)/M subl (0) as derived from square 
root of the intensity of the (1,0,0) antiferromagnetic 
Bragg peak representing the 3D order parameter and as 
deduced from Mossbauer spectra representing the local 
sublattice magnetization. The arrow marks the 
temperature above which paramagnetic Mossbauer 
absorptions are observed (taken from [85D 1 ]). 



0 1 2 3 4 5 6 


Magnetic field H 0 [T] 

In the left part, indicated by arrows are the two zero- 
field AFMR frequencies and the spin-flop field of pure 
Rb 2 MnCl 4 (after [89B4]). 
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1.3 1.4 1.5 1.6 1.7 1.8 

Energy transfer hco [THz] 

Fig. 3.54. RbjMnF^ Neutron inelastic scattering 
intensity versus energy transfer at constant wavevector 
transfer (0.5,-0.5,0) and (1,0.5,0) at 4.2 K. The 



1.3 1.4 1.5 1.6 1.7 1.8 

Energy transfer hca [THz] 

curves are Gaussians fitted to the experimental data, the 
width corresponding to the spectrometer resolution 
(taken from [77C3]). 



0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 


Energy transfer hco [THz] 


Fig. 3.55. Rb2Mn 0 5 7 Mg 0 43F 4 . 
Neutron inelastic scattering 
intensity versus energy transfer at 
constant wavevector transfer 
(0.5,0,2.9) at 1.22 K, experi¬ 
mental points and theoretical 
curve. Arrows indicate the maxima 
corresponding to the Ising cluster 
energies for n = 2, 3, 4 (after 
[77C3]). 
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Energy transfer hm [THz] 



Reduced wavevector 


Fig. 3.57. Rb 2 Mn 0 5 Ni 0 5 F 4 . Spin-wave dispersion 
relation fico(q ) for <y = (^ x , 0,0), experimental points 
(open circles) and results (solid lines) of a mean-crystal 
model calculation (cf. Eqs. 3.142, 3.143). For 

comparison, the dispersion curves for the pure crystals 
Rb 2 MnF 4 and Rb 2 NiF 4 are presented (dashed lines) 
which are calculated by linear spin-wave theory using 
Eq. 3.6. All parameter values are given and explained in 
the text (taken from [75A1]). 


Fig. 3.56. Rb 2 Coo. 575 Mgo. 42 5 F 4 . Neutron inelastic 

scattering intensity versus magnon energy transfer for 
constant wavevector K= (1 - i^ x , 0,4.23) at 6.5 K, 
experimental points and solid lines resulting from 
computer simulations convoluted with the spectrometer 
resolution (after [800]). 
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Fig. 3.58. Rl^Mng 5 Nio 5 F 4 . Smoothed neutron scattering intensity I (solid 
line) versus magnon energy Tuo at the zone boundary q = (0.5, 0, 0) with the 
background subtracted. The vertical lines mark the Mn 2+ and Ni 2+ Ising 
cluster modes (cf. Eq. 3.144) the relative intensities of which are chosen to 
give agreement with the observed peak hights (taken from [75B10]). 



Concentration x 


Fig. 3.59. K 2 Fe]_ x Co x F 4 . (T N , x) phase diagram (after 
[83V3, 85V3]), derived from neutron scattering data 
(open circles) [83 V3, 84F13, 86V1] and from Mossbauer 
experiments (full circle) [84F3, 85V3], Solid lines 
separate the paramagnetic (PM), the planar anti¬ 
ferromagnetic (AF, planar), the oblique anti¬ 
ferromagnetic (OAF) and the axial antiferromagnetic 
(AF, axial) phases. The data for x = 0 and x = 1 are 
taken from [7411, 7412, 78T2, 82T1], 
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0 20 40 60 80 100 


Temperature T [K] 

Fig. 3.60. with x = 0.12, 0.18, 0.27, 

0.55. Temperature dependence of the rod scattering 
intensity I at Q = ( 1, 0, 0.4). Note the different scales of 




0 20 40 60 80 100 

Temperature T [K] 


the intensity I. For interpretation of the data, see text 
(taken from [86V1]). 
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Temperature T [K] 



Fig. 3.61. K 2 Fe[_ x Co x F 4 with x = 0.27, 0.55, 0.70. 
Mossbauer study: hyperfine field H hf versus 
temperature T. The (T N , x) phase diagram (see Fig. 
3.59) shows that two transitions are expected for 
x = 0.27. For further explanations, see text (taken from 
[85V3]). 


Fig. 3.62. K 2 Feo. 73 Coo. 27 F 4 . Spin-wave dispersion 

Tuo(q) for q = (1 + ^ x , 0, 0), experimental points from 
[87H4] and results of a computer simulation (solid 
lines) and of an average-crystal approximation (broken 
lines), after [88H3]. The model parameters are given 
and discussed in the text. 



Temperature T [K] 


Fig. 3.63. K 2 Mno. 978 Feo.o 22 F 4 . (Hq, T) phase diagram 
for Hq || c with the boundaries between the planar 
antiferromagnetic (AF, planar), the oblique anti¬ 
ferromagnetic (OAF), the axial antiferromagnetic (AF, 
axial) and the paramagnetic (PM) phases as determined 
by neutron diffraction with temperature scans at 
constant field H 0 (open circles) and field scans at 
constant T (full circles), taken from [79B2], 
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Fig. 3.64. Rb 2 Coo. 22 Cuo. 7 8 F 4 . 
Example for the distribution of 
ferromagnetic (F) Cu-Cu and Co- 
Cu as well as antiferromagnetic 
(AF) Co-Co and Co-Cu exchange 
interactions, after [88D10, 88D11], 
For further explanations see text. 



0 1 2 3 4 5 6 7 


Magnetic field H 0 [T] 

Fig. 3.65. Rb 2 Cr 0 . 028 M n 0 . 972 d 4 - AFMR frequency 

Vafmr at 4.2 K versus magnetic field H 0 , applied 
parallel to the c-axis, experimental points and curves 
calculated by the virtual crystal or average model (cf. 
Eq. 3.151). These AFMR spectra are typical for an 
easy-axis antiferromagnet, very similar to those of pure 
RbMnCl 4 (Fig. 3.17), taken from [91G2], 



Fig. 3.66. Rb 2 Cr 0 066M n 0.934C4- AFMR frequency 
Vafmr at 4.2 K versus magnetic field Hq, experimental 
points for H 0 j[ c (full circles), for H a ± c, /?= 0° (open 
circles) and Hq _L c, /3 = 45° (plusses). The curves are 
calculated by the virtual crystal or average model (cf. 
Eq. 3.151). These AFMR spectra are typical for an 
easy-plane antiferromagnet like KoFeF 4 , taken from 
[91G2], 
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0 1 2 3 4 5 6 7 


Magnetic field H 0 [T] 

Fig. 3.67. Rb 2 Cro. 63 Mno. 37 d 4 . FMR frequency Vp MR at 
4.2 K versus magnetic field Hq, experimental points for 
//(l || c (full circles), for H 0 ± c, p= 0° (open circles), 
and ± c, /)= 45° (plusses). The curves are calculated 
by the virtual crystal or average model (cf. Eq. 3.151). 
These FMR spectra are typical for an easy-plane 
ferromagnet very similar to those of pure RlbCrC^ 
(Fig. 3.36), taken from [91G2], 


A 2 MxMi_xX 4 



Concentration x 


Fig. 3.69. A 2 M x Mj_ x X 4 . Schematic (T^x) phase diagram 
of a random mixture of the ferromagnet A 2 MX 4 and 
antiferromagnet A 2 MX 4 . The competing exchange inter¬ 
actions lead to a fenomagnetic phase (F) for x < 0.3, an 
antiferromagnetic one for x > 0.7 and a spin-glass phase for 
intermediate concentrations x. At higher temperatures, the 
system is paramagnetic (PM), after [80F3], 
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Magnetic field W 0 [T] 


Fig. 3.68. Rb 2 Cr 1 _ x Mn x Cl 4 with 
x = 0, 0.083, 0.131, 0.306. Mag¬ 
netization M at 4.2 K versus 
magnetic H 0 , applied perpendi¬ 
cular to the c-axis, experimental 
points and solid lines calculated by 
means of the virtual crystal or 
average model (see Eq. 3.151), 
taken from [86G3], 
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Fig. 3.70. Rb 2 Cr 0 4 Mn 0 6 Cl 4 . Temperature dependence 
of the ac susceptibility % ac obtained for h _L c at the 
frequencies /= 20, 200, 500 Hz. The maximum indi¬ 
cates the frequency-dependent freezing temperature T { , 
after [83K10], 



a Temperature T [K] 

Fig. 3.71. Rb2Coo.2i8Ctio.782F4- (a) Temperature 
dependence of the static susceptibility X\\ c f° r Hq || c, 
obtained with H 0 = 1 mT in a field-cooling procedure 
(FC, full circles) and in a zero-field-cooling procedure 



b Temperature T [K] 


(ZFC), switching on the field after waiting times of 10 s 
(open circles) and 90 s (open squares) and (b) the In¬ 
dependence of the coincident FC and ZFC suscep¬ 
tibilities XLc for H a _L c (taken from [88D1, 88D1 1]). 
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Concentration x 


Fig. 3.72. Rb 2 Co x Cui^ x F 4 . ( T c , x) phase diagram with 
the critical temperatures (open circles) at the boundary 
to the paramagnetic phase (PM), i.e. the Curie temper¬ 
ature Tq for the planar, oblique and axial ferromagnetic 
phases (F, see also inset), the Neel temperature J N for 
the axial antiferromagnetic phase (AF) and the spin- 
glass range (SG) with T f (crosses) and Tq = 0, after 
[88D1, 88D11], 



Fig. 3.74. Rb 2 Crj_ x Mn x Cl 4 . Geometry of reciprocal 
space, (q x Q, q y o) plane, for neutron inelastic scattering 
experiments. The point (1,1,0) corresponds to a 
nuclear Bragg peak and the broken line to the 
ferromagnetic Brillouin zone boundaries around it in 2D 
approximation. Around the antiferromagnetic super¬ 
lattice reflection (y, 0), the solid line represents the 

antiferromagnetic Brillouin zone, also in 2D approxi¬ 
mation (taken from [88S8]). 
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Fig. 3.73. Rb 2 Cr 1 _ x Mn x Cl 4 with x = 0.17, 0.36, 0.50. ac susceptibility / ac 
versus temperature T, obtained with /= 20 Hz. The maxima of the slope 
\& X J&T \represent the temperatures 7) of spin-glass freezing (reentrant) and 
Tq of ferromagnetic ordering (taken from [84K8]). 
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Fig. 3.75. Rb 2 Cr 0 . 30 Mn 0 . 70 d 4 . Magnetic excitations fico at 5 K versus reduced wavevector 
£ (see Eq. 3.152). The excitations consist of a spin-wave branch (antiferromagnetic: 
0.25 < £ < 0.5, solid line: guide to the eye; broken line: spin waves of pure Rb 2 MnCl 4 ) and 
of dispersionless cluster modes (horizontal lines calculated by Eq. 3.153, corresponding 
nearest neighbour configurations to the right), after [88S7, 88 S 8 ], For further explanations 
see text. 
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Reduced wavevector £ 


Fig. 3.76. RbjCrg 75 Mn 0 25 CI 4 . Magnetic excitations hco at 5 K (full circles) and 13 K (full 
triangles) versus reduced wavevector £ (see Eq. 3.152). The excitations consist of a spin- 
wave branch (ferromagnetic: 0 < £ < 0.5, solid line: guide to the eye; broken line: spin 
waves of pure Rt^CrC^) and of dispersionless cluster modes (horizontal lines calculated by 
Eq. 3.153, corresponding nearest neighbour configurations to the right), after [88S7, 88 S 8 ], 
For further explanations see text. 
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Reduced wavevector £ 


Fig. 3.77. Rb 2 Cr 0 4 iMno 59 CI 4 . Magnetic excitations Tuo at 5 K versus reduced wavevector £ 
(see Eq. 3.152) experimental points (full circles and open triangles). The excitations consist of 
"ferromagnetic" and "antiferromagnetic" spin waves (solid lines: guide to the eye) and of 
dispersionless cluster modes (horizontal lines calculated by Eq. 3.153, corresponding nearest 
neighbour configurations to the right), taken from [88S7, 88S8], For further explanations see 
text. 


Landolt-Bornstein 
New Series III/27J3 



































Energy width r [THz] Inv. correlation length k [nm 


Ref. p. 328] 


9.12.3.4 Figures for 9.12.3 and Table 5 


277 


3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0 5 10 15 20 25 30 35 

Temperature T [K] 

0.30 

0.25 

0.20 

0.15 

0.10 

0.05 

0 5 10 15 20 25 30 35 

Temperature T [K] 

Fig. 3.78. Rb 2 Cro. 41 Mno. 59 d 4 . Inverse correlation length re and energy width 
r versus temperature T, as obtained from scans across the magnetic rod 
(4,1, j) with a triple axis spectrometer (taken from [88S7]). 
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Table 5. Data concerning Magnetic Properties 


Compound 


a) Fluorides 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


K 2 MnF 4 

1 ) meas. and anal, of % 


2 ) el. + quasi-el. n-scatt. 

3) EPR, NMR 

4) AFMR 

5) inel. n-scatt 

6 ) spin-wave analysis 


Antiferromagnet, M subl || c (magn. order see Fig. 2.2) 
X\\(T),X±(r)[4K<T<3Q() K] 

min. %L- T n = 45.0(10) K -» J=-3.10(7) cm' 1 = -4.46(10) K 

X(T> J N ) = h.t.s. J= -2.92 cm 1 = -4.20 K 

X_l(T= 0) -> J= -2.92(10) cm 1 = -4.20(15) K 

X\\(T< T n ) -a/=- 3.13(14) cm -1 = —4.50(20) K 

Use = 5-51(10) H a = 0.231 T [(&_- X \\) = 3.53 ■ 10" 3 ] 

afm. Bragg refl. (1, 0, 0): 7(7) ~M; m (7) -» J N = 42.15(2) K 

g c = 2.0026 

A 0 5= 0.17(3) 

H 0 = 0, T-> 0: h v AFMR —5.14(4) cm -1 A 7.40(5) K 
T-dependence of Vafmr [1-5 K < T< 38 K] 

H 0 = 0, T= 4.2 K: *V AFMR = 5.1(1) cir 1 A 7.34(14) K 
AFMR LW: A//° FMR = 84 mT, Capmr = 5.9 ■ 10" 7 T/K 4 

CO ( q ) for (C, x , 0, 0) at 4.5 K 

J 2 = 0, g|i B // A = 0.220(3) cm 1 = 0.317(4) K, h A = 0.0036 

exp. data included: VApmj^T), ^sublC^) an d 0 )(q) 

(z = 4,S= 5/2, g = 2.00, J 2 = 0, J'U \ < 5 ■ 10" 4 ) 

J= -3.01(2) cm 4 = -4.34(3) K, H E = 64.5 T 

T= 0: h A = 0.0036, g|l B // A = 0.219 cm" 1 , H A = 0.235 T 

J= -2.92(2) cm" 1 = -4.21(3) K, H E = 62.6 T 

T= 0: h A = 0.0038, g|l B // A = 0.219 cm" 1 , H A = 0.235 T 

calc.: A 0 S = 0.171, H AD = 0.257 T 

calc.: |^| = 4.21 K ^7^ = 41.6 K (T N = 42.15 K) 


References, remarks 


[66B1, 67B1, 68 V, 69B1], see also [73J3, 78B4, 82M4] 

T n « 7 4 ? 1 J: Eq. 3.29, see also [66S2] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70F1, 90N] 

X±(T=0y Eq. 3.24a; ^(7): Eq. 3.23 
^||(7): Eq. 3.22; fit to the exp. data 

h.m.f. exp. at 7^ 4.2 K [67B1]; 77 SF ~^H A . Eq. 3.38 
[68L1, 721, 73B1, 731, 7411] 

EPR [71Y1] 

AFMR/EPR + NMR [ 68 R, 70W1, 71W, 72B1, 73W3] 

\ AFMR at 24 GHz [73W3] 

Vafmr : Eqs. 3.9 and 3.10 
ir spectr. [75L6, 77L2] 

[83U]: reanalysis of A77 afmr (7) of [73W3] using Eq. 3.13 

[73B1], = qja*; fit to the exp. data with linear spin-w. th. (cf. Eqs. 

3.2-3.5, 3.6); parameters: see below 

[73B1, 73W2, 73 W3] 


parameter values according to linear spin-w. th. 
.1 (cf. Eqs. 3.2-3.5, 3.6) 

} parameter values according to renorm, spin-w. th. 
(cf. Eqs. 3.2-3.5,3.15) 

[73W2]; A 0 5: Eq. 3.19; 77 AD : Eq. 3.12 

[73W2]; | J | -> : Eq. 3.29; see also [72J2] 













Table 5. Data concerning Magnetic Properties (continued) 


Compound 


K 2 M 11 F 4 (cont.) 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


7) 2-magn. Raman L. 


7*2K: peak pos. at 114.0(5) cm 1 


8 ) mixed anisotropy 

9) (H 0 , 7) phase diagram 

10) 19 F-NMR 


11 ) optical studies 


T-dependence of peak pos. and width 

anal, of 2-magn. Raman L. together with AFMR data: 

J- -3.015(15) cm" 1 = -4.34(2) K, H E = 64.4 T 
h A = 0.00363, gp B 7/ A = 0.219(2) cm" 1 , H A = 0.234 T 
J= -2.925(15) cm" 1 = -4.21(2) K, H E = 62.7 T 
h A = 0.00386, gp B 7/ A = 0.226(2) cm" 1 , H A = 0.242 T 
resid. single-ion anis.: D = -0.006(1) cm" 1 = -0.009(2) K 
observed critical point: bifurcation point, not bicritical one 
Fi;/nmr( 7) “MiublC 7 ) 

Hq || c, [0 < T < T n ]: F| ->/nmr(^ 0 ’ T) ~ M sub\(HQ, T), 

Fn —> A/ nmr (// 0 , T)~M(Hq, T) —» H se = 5.45(5) T (1.2 K) 

Fj, F R : determination of T\ for Hq = 0 [1.5 K < T < 12 K], 
for Hq X c [1.5 K < T< 8 K] and for H 0 1| c [J=4.2 K] 
MCD 24900-25500 cm” 1 
intrinsic emission 4 Ti g (G) —> 6 Ai g (S) at T= 1.7 K 


K3M112F7 

1 ) meas. and anal, of x 


Antiferromagnet, M sub | || c (magn. order see Fig. 2.4) 

X\\(n XlCn [4 K < T< 300 K] -a r N = 58(1) K 
X(T> J N ) = h.t.s. —> J— —2.79 ( 8 ) cm " 1 = -4.02(12) K 
X\_{T= 0) J= -2.65(6) cm " 1 = -3.81(8) K, h A =1.9- 10 ” 3 
X\\{T< T N ) -^J = -2.68(7) cm ” 1 A-3.85(10) K 
T» 1.3 K: 7/ sf = 4.1(1) T —> H A = 0.112(20) T 


References, remarks 


Raman sp. [73L2, 74L3, 75L5, 75L6, 77L2] 

Raman sp. [76P2, 77L2, 77P1 ] 

[77L2] 

parameters in theoretical calculations based on linear spin-w. th. 

[ (cf. Eqs. 3.2-3.5, 3.6) 

parameters in theoretical calculations based on renorm, spin-w. th. 

, i (cf. Eqs. 3.2-3.5,3.15) 

spin-w. th.: dipolar interact. + resid. single-ion anis. [84U] 
n-diffr. [82 J1 ]; ^-meas. [82M4]; theor. details: Sect. 3.1.5 
19 F r NMR [70W2, 73W2] 

[77A1, 77A2]; M suW (7) andM(7) also calc, with renorm, spin-w. th. 
.1 (Eqs. 3.2-3.5,3.15, 3.18,3.21) 

[78W2, 79W1, 80W1, 81W4]; discussion of the mechanism for 7): 
see Sect. 3.1.2 

[74S4] 

exciton line, magnon sideband [77S2] 


[77A3], see also [76N1] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [73R3] 

X±(T= 0): Eq. 3.24a; h A . Eq. 3.31 

X\\ (7): fit to the exp. data, details see [77A3] 

[76N 1 ], measurement of 77gp 

Hsf H a . Eq. 3.39 (H E = 75.2 T; z = 5, S = 5/2) 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

K 3 Mn 2 F 7 (cont.) 

2 ) el. + quasi-el. n-scatt 

afm. Bragg refl. (1, 0, 2): I{T) ~M^ U (T) —> J N = 58.3(2) K 


[78U, 79U]; double-layer period corresponds to a' (cf. Eqs. 2.6 


magn. Bragg rod (1, 0, 1.46): sinusoidal modulation of / 


and 2.7) 


because of magn. double-layer period 0.418(7) nm 



3) EPR, NMR 

A 0 S= 0.12(3) 

AFMR + 55 Mn-NMR [82U] 

4) AFMR 

Hy = 0, T —> 0: hv AFMR = 4.02(3) cm " 1 A 5.78(5) K 

AFMR LW: A//“ FMR = 72 mT, C AFM r = 1.1 • 10 “ 7 T/K 4 


[83U] : AFMR at 24 GHz; V^mr: Eqs. 3.10, 3.32; anal, of 
A// AFMR (r) using Eq. 3.13 

5) 19 F-NMR 

F adjacent to magn. double layer:/ nmr(?) ~M su bi(7) 

19 F-NMR [77A4] 

6 ) mixed anisotropy 

resid. single-ion anis.: D = -0.004(1) cm -1 A-0.006(2) K 

spin-w. th.: combination of magn. dipolar interact, and resid. single-ion 
anis. [84U] 

7) spin-wave analysis 

exp. data included: M subl (7); (z = 5 ,S = 5/2, g = 2.00) 

[77A4, 77 A5]; (J 2 = 0, | J'/J \« 10" 4 ) 


J= -2.70(1) cnr 1 = -3.89(2) K, H E = 72.4 T 

T=0: h A = 0.00193(6), gp B // A = 0.131 cm -1 , H A = 0.140 T 


parameter values according to linear spin-w. th., Eqs. 3.30, 3.31; 
further details see [77A4] 


J= -2.638(10) cm " 1 = -3.795(15) K, H E = 70.62 T 
r=0: h A = 0.00198(6), gp B #A= 0.131 cm -1 , H A = 0.140 T 


parameter values according to renonn. spin-w. th., details see [77A4] 


calc.: A 0 5' = 0.124, H AD = 0.120 T 

[77A4]; fonnulae for A 0 5 and H AD : see also [77A4] 

8 ) 2-magn. Raman L. 

T-dependence of peak pos. and width 

Raman sp. [77P2, 80P1, 80P2] 


anal, of 2-magn. Raman L.: 


80P2]: theor. calc, of 2-magn. Raman L. 


J= -2.67(3) cm - 1 = -3.84(4) K, H E = 71.5 T 
h A = 0.00199, g|i B // A = 0.133 cm" 1 , H A = 0.143 T 


parameters in theoretical calculations based on renonn. spin-w. th., 

. details see [77A4, 80P2] 

Rb 2 MnF4 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.3) 



1) AFMR 

H 0 = 0,T->0: h v AFMR = 5.06(4) cm " 1 = 7.28(5) K 

T-dependence of [1.5 K < T < 34 K] 


AFMR at 24 GHz [73W3] 

■ V AFMR : Eci s - 3.9 and 3.10 


AFMR LW: A7/ AFMR = 84 mT, C AFMR = 5.9 ■ 10 “ 7 T/K 4 

[83U]: reanalysis of AH afmr (T) of [73W3] using Eq. 3.13 



















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


Rb 2 MnF 4 (cont.) 

2 ) meas. and anal, of X 


3) el. + quasi-el. n-scatt 


X\\(T),XlCn\4K<T<300 K] 

min. XaT n = 38.5(10) K —A J=-2.65(1) cm " 1 = -3.82(10) K 

X{T> T n ): h.t.s. -A J= -2.57 cm ' 1 = -3.70 K 

X±(T= 0) -A J= -2.32(12) cm 1 = -3.34(17) K 

X\f< T n ) -a/= -2.67(7) cm - 1 =-3.84(10) K 

H sf = 5.08(13) T -» H A = 0.232 T [(X±~X\\) = 3.87(7) ■ 10“ 3 ] 

several afm. Bragg reflections: I(T) ~ Af 2 ubl (T) 


4) EPR, NMR 

5) 19 F-NMR 

6 ) inel. n-scatt. 


7) spin-wave analysis 


(1, 0, 1): K 2 NiF 4 -type order -A T N = 38.41(7) K 

(1, 0,1/2), 1 = odd: Ca 2 Mn0 4 -type order -> T N = 38.37(7) K 

T N (p) [0 <p< 1.5 GPa]: see Fig. 1 of [9411] 

A 0 5= 0.17(3) 

F[ : /nmr(D ~4/ su bi(7) 

CO(q) for (^, 0, 0), (0.5, C, 0), (C, C 0) at 4.5 K 
(z = 4, S= 5/2, g = 2.00) 

J= -2.761(11) cm - 1 =-3.907(16) K, H E = 58.17(24) T 
J 2 = -0.048(7) cm ' 1 = -0.069(10) K, H E2 = 1.02(15) T 
h A = 0.0048, = 0.26(4) cm" 1 , H A = 0.28(4) T 

exp. data included: Vapm^T) andM sub |(7) 

J= -2.65(3) cm” 1 A -3.81(5) K, H E = 56.7 T, J 2 = 0 
T= 0: h A = 0.0045, g|l B #A = 0.241(4) cm” 1 , H A = 0.259 T 
J= -2.57(3) cm- 1 = -3.69(5) K, H E = 55.0 T, J 2 = 0 
r= 0: /? A = 0.0047, g|I B ^A = 0.241(4) cm' 1 , H A = 0.259 T 
calc.: A 0 S= 0.171, H AD = 0.248 T 

calc.: |/| = 3.69 K -a r® = 36.5 K (J N = 38.4 K) 


References, remarks 


[67B1, 68 V, 69B1], see also [73J3] 

T N « r c l 2 ) —A J: Eq. 3.29, see also [66S2] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 90N] 

Xl(T= 0): Eq. 3.24a; ^(7): Eq. 3.23 

^||(7): Eq. 3.22; fit to the exp. data 

h.m.f. exp. at T = 4.2 K [67B1]; H EE —A H A . Eq. 3.38 

[70B1] 

see also text in Sect. 2.1 for the two types of magnetic ordering with 
further references 
p A hydrostatic pressure 

AFMR + 55 Mn-NMR [70W1, 71W, 73S1] 

19 F r NMR [73W2] 

[75A1, 77C3], £ = q x /a* = q y /a* (b* ~ a*) 

J 2 = next-nearest-neighbours exchange interaction 

fit to the exp. data with linear spin-w. th., extended to include the 
.. nnn exchange interaction (cf. Eqs. 3.2, 3.14) 

[73W2, 73W3]; (| JlJ | < 8 ■ 10” 4 ) 

parameter values according to linear spin-w. th. 

. i (cf. Eqs. 3.2-3.5, 3.6) 

parameter values according to renorm, spin-w. th. 
i (cf. Eqs. 3.2-3.5,3.15) 

[73W2]; AqS: Eq. 3.19; H AD : Eq. 3.12 

[73W2]; | J | -aT^ 2) : Eq. 3.29; see also [72J2] 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


Rb 2 MnF 4 (cont.) 

8) ( H 0 , T) phase diagram 

9) optical studies 


observed critical point identified as bicritical point 
optical transition 6 Aj(S) —> 4 Ti g (G) studied at 2 K 


Rb^MiijFy 

meas. and anal. % 


Antiferromagnet, M subl || c (magn. order see Fig. 2.4) 
Zpowder(7) [4 K < T < 270 K] 

X(T> r N ): h.t.s. ->/=-2.47(14) cm- 1 =-3.56(20) K 
H a = 0.137(26) T 


P-Cs 2 MnF 4 

el. + inel. n-scatt. 


Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
T N (p) [0 <p< 0.67 GPa]: see Fig. 3 of [9411] 

J= —4.30 cm" 1 = -6.19 K 


K 2 FeF 4 

1) meas. and anal, of x 

2) el. + quasi-el. n-scatt. 

3) 19 F-NMR 

4) Mossbauer study 

5) meas. vapmr 


Antiferromagnet, M sub | _L c (magn. order see Fig. 2.6) 

X\\(.T),X±(T)[42K<T<300 K] 

X(T> T n ): h.t.s.—> J= -5.73(10) cm 1 = -8.25(15) K, 
g a = 2.26(7) 

T < J N : X±(T), X\\(D calc. by renorm, spin-w. th. 


afm. Bragg reflections (1, 0, 0), (1, 0, 3): I(T) ~ Af s 2 ubl (r) 
r N = 63.0(3) K 

Fi:/nmr(7) ~ M sub i(r), g a = 2.25(7), g c = 2.12(10) 


asymmetry of the EFG V xx - Vyy=J[T) ^ 0 for T < 7^ 

0 —> H a * 0 -¥ V AFMR in-plane * 0 

T= 1.7 K 1 r h V A FMR,out-of-pl. = 47.7(8) cm" 1 = 68.6(12) K 
H 0 = 0 J { h VAFMR,in-plane = 18.7(8) cm 1 = 26.9(12) K 
T-dependence of vAFMR,out-of-pl. and AFMR LW 
^-dependence of Vafmr, out-of-pl. for H 0 || c, H 0 _L c 


References, remarks 


n-scatt. [88C3, 93C2]; detailed discussion: Sect. 3.1.6 
(17545-17700 cnT 1 ), magnon sideband [681] 


[76N1] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [73R3] 
exp. value [76N1] 


p = hydrostatic pressure 

estimated, preliminary inel. n-scatt. exp. at 7.5 K [9411] 


X'- 19 F-NMR and magnetometer [82T3]; see also [69L1] 
h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 90N] 

parameter values: see spin-wave analysis 

[80T2, 82T1]; see also Mossbauer study [78T2] 

19 F r NMR [82T3] 

[78T2, 80T3]; see also [81G1] 


ir spectr. [82T1] and 1-magn. Raman sp. [78M1, 79M2] 
. v A fmr : Eq. 3.37; see also [80D] 

ir spectr., Raman sp. [78M1, 79M2], theory J-dep. [82G2] 
ir spectr. [80D]; see also [78M1, 79M2] 












Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, h a, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

KMeFzjtcont.) 

6 ) inel. n-scatt. 

( 0 (q) for (£ x , 0, 0) at 4.2 K (2 branches) 
values of J, D, E: see spin-wave analysis, “ 0 


[82T1], (, x = q x /a*; fit to the exp. data with renorm, 
spin-w. th.: parameter values see spin-wave analysis 

7) spin-wave analysis 

exp. data included: Vafmr> &>(</) andM sub ](7) 

[80T2, 82T1.82T2] 


(z = 4, S = 2; g c , g a : see 19 F-NMR), 

J= -5.70(10) cm ” 1 =-8.20(15) K 


parameter values according to linear spin-w. th., cf. Eqs. 3.35, 3.36; 


out-of-pl. anis.: D = +2.99(7) cm 1 = +4.30(10)K 


. = +27)5, g|i B 77 a = -475, cf. Eq. 3.37; further details see 


in-plane anis.: E = -0.20(2) cm 1 = -0.29(3) K 


[80T2, 82T1] 


J= -5.46(10) cm -1 = -7.85(15) K, A 0 S= 0.171 
out-of-pl. anis.: D = +3.96(7) cm 1 = +5.70(10) K 
in-plane anis.: E = -0.34(2) cm -1 = -0.49(3) K 


parameter values according to renorm, spin-wave th., definitions and 
details of the theory see [82T1] 


calc.: A 0 5 = 0.101 

[82T1 ]; A 0 5 calc, by spin-w. theory, see also [82T1] 

8 ) 2-magn. Raman L. 

T= 2.1 K: peakpos. at 182.4(10) cm " 1 

T-dependence of peak pos. and width 


Raman sp. [77T2, 78M1, 79M2, 82T2] 


anal, of 2-magn. Raman L. using renorm, spin-w. th. 

[77T2, 82T1, 82T2], parameter values: see spin-wave analysis 

K 3 Fe 2 F 7 

Antiferromagnet, M sub | _L c 



Mossbauer study 

T n = 93 K, J= -3.6(4) cm ' 1 = 5.2(6) K 

[80T3], Jcalc. fromgp B 77 MF = 2z |J| (5 x ) T (cf. Eq. 3.61) 


asymmetry of the EFG V xx - Vyy =/(7) + 0 for T < 7^ 

[80T3]; see also [81G1] 


E ^ 0 H 0 —> V^FMR, in-plane ^ 0 



RbjFeFj 

Antiferromagnet, M sub | _L c (magn. order see Fig. 2.6) 



1 ) meas. and anal, of % 

X(T) for 77„ || (1, 0, 0), || (1, 1, 0), || (0, 0, 1) [4 K < J< 300 K] 

[68W1] 


max. % at T max = 90 K —> J= -5.06 cm ' 1 = -7.25 K 


r max "+ d: Eq. 3.28; see also Table IX in [90N] 

2) Mossbauer study 

asymmetry of the EFG V xx - Vyy =f (7) + 0 for T < 7^ 

[78T2, 80T3]; see also [81G1] 


E ^ 0 —> E[ A ^ 0 —> VaFMR, in-plane ^ 0 

















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

Rb 2 FeF 4 (cont.) 




3) el. + quasi-el. n-scatt 

afm. Bragg reflections (1, 0, 0), (1, 0,4): 7(7) ~M^ ubl (7) 
magn. Bragg rod (1, 0, 0.25) —> T N = 56.3(2) K 


[70B1] 


calc.: |J| = 7.27 K —> = 48.0 K (Tff = 56.3 K) 

[72J2]; | J| —» TfP : Eq. 3.29 

4) meas. v^mr 

T=2 K If h VAFMR,out-of-pl. = 37.6(5) cm * = 54.1(7) K 

H 0 = 0 A Vafmr, in-plane: not determined 


ir spectr. and 1-magn. Raman sp. [78M1, 79M2] 

V AFMR : Eq- 3 -37 


T-dependence of VAFMR,out-of-pl. and LW 

77 0 -dependence of VAFMR,out-of-pl. 


ir spectr. [78M1, 79M2], theory J-dependence [82G2] 

5) 2-magn. Raman L. 

7=2K: peak pos. at 160.5 cm -1 

J-dependence of peak pos. and width 


Raman sp. [78M1, 79M2] 


anal, of 2-magn. Raman L. together with V A pMRdata: 

( z = 4, 5= 2, g c = 2.5) 

[78M1, 79M2] 


J= -5.05 cm 1 = -7.27 K 

out-of-pl. anis.: D = +2.2 cm -1 = +3.2 K 


parameters in theoretical calculation using linear spin-w. th. 

- (cf. Eqs. 3.35-3,37a), gp, B 7/ A = 2 DS, in-plane anisotropy 


in-plane anis.: 77 A « 77 A (not determined) 


defined as staggered field 77 A 

K 2 CoF 4 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 



1 ) meas. and anal, of % 

X\f), Xl(T) [4 K < T< 300 K], *|| > at all T> A 

[69B1], see also [63S, 69L1] 


^||,max/^f||(^N)j %L,max!%!.(. ^n)j XliXlft) e ^ c - 

exp. values close to exact results (cf. Eq. 3.68) [69B1] 


7|| = -67.4(3) cm ^ 1 = -97.0(5) K, g c = 6.40(5) 


[69B1 ]: model calc, with eff. spin 1/2 Ham. (Eq. 3.62) for strongly 


J ± = -20.6(13) cm " 1 = -29.6(19) K, g a = 3.21 


anisotropic uniaxial afm. (Co-compounds = good realization of the 


J L IJ\\ = 0.305(20) 


2D-Ising model) 


J= -13.4 cm ” 1 = -19.3 K, calc, with <5 Z > 0 = 1.12(7) 

J\ Eq. 365a (for comp, with other compounds) 


calc.: | J|| | = 97 K, 5 = j —> T^= 29.1 K (T N = 107 K) 

[72J2], \ J\ —*TfP: Eq. 3.29 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 

References, remarks 


j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 



K2CoF 4 (cont.) 

2) el. + quasi-el. n-scatt. 

magn. Bragg reflections: yfl ~ M subl - [1 - sintr 4 (>7||/k B 7)] 1/8 


[7411, 7412]; 37 sub |(7)/M sub |(0): Eq. 3.66 (exact solution for 2D Ising 


magn. Bragg rod: 7(7) J N = 107.85(5) K; | f/J\\ \ < 10“ 3 


model) 

3) meas. V AFM r 

77 0 = 0, T = 4 K: h V AFM r = 206.5 cm" 1 = 297.1 K 


1-magn. Raman sp. [79M1, 79M2]; see also [76G2]; 


T-dependence of VApmr and AFMR LW 


v AFMRl Eq. 3.64 

4) excitons 

excitations within the 12 levels from 4 (O b ) of Co 2+ 

Raman sp. [79G5, 80G3] 


fit to the exp. data: = -425 cm *, A = -228 cm -1 


exciton model including crystal field, spin-orbit coupling (T? 9 , 


J= -11.55 cm' 1 = -16.62 K, (S z ) 0 = 1.17 


A: Eq. 3.33) and molecular field (Eq. 3.61) 


7|| = -62.8 cm- 1 = -90.4 K, g c = 3.7 


derivation of the parameters of the eff. spin 1/2 Hamiltonian 


J L = -35.5 cm 1 = -51.1 K, JJJ^ = 0.57 


(Eq. 3.62) from the exiton data 

5) 19 F-NMR 

/nmr(7) ~ M S ubl(T) ~ [ 1 - sinh -4 (J eS /k B T)] ^ 


19 F r NMR, 0.94 J|| [85D2]; see also [68F2, 72B2]; 


with / e ff = -66.5 cm -1 = -95.7 K 


^sublC^/^suHCO): Eq. 3.66 (2D Ising model) 

6) 2-magn. Raman L. 

7=4K: peak pos. at 468 cm -1 

T-dependence of peak pos. and width 


Raman sp. [79M1, 79M2] 


anal, of 2-magn. Raman L. together with v AFMR data 

[79M1, 79M2] 


(z = 4,S = |) 

7|| = -60.1 cm’ 1 =-86.5 K, 


parameters in theoretical calculations based on linear spin-w. th. 


J L = -30.8 cm 1 = -44.3 K, J L IJ\\ = 0.512 


with eff. spinl/2 Hamiltonian (Eq. 3.62) 

7) optical studies 

absorption spectrum 6700-25500 cm -1 ( T~ 295 K), 
transitions within the d 7 -configuration 


[68T1] 


absorption spectrum 5000-50000 cm" 1 ( T ~ 4.2 K) 


69M2] 


absorption edge near 5.7 eV ( T~ 295 K) 


optical study with synchroton radiation 


reflectance spectra 10-35 eV ( T~ 295 K) 


[85S1] 

Rb 2 CoF 4 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 



1) el. + quasi-el. n-scatt. 

several atm. Bragg refl.: t ~ M 2 ub| —> 7' N = 103.025(10) K 

[73S4, 74S1.74S3] 





















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


Rb 2 CoF 4 (cont.) 


2) meas. V AFMR 


H 0 = 0, T= 4.2 K: hv afmr = 211 cm 1 = 304 K 
T-dependence of v AFMR 


3) meas. and anal, of X 


X\\(T), X±(T) [4 K < T< 300 K], > Xl at all T> J N 

Z||,max/^||(TN), XL, m JXL<Jfd, I±(T n )/^j_(0) etc. 

J|| = -63.3(3) cm - 1 =-91.0(5) K, g c = 7.02(5) 

■4 = -14.6(9) cm ’ 1 = -20.9(14) K, g a = 3.07 
J L /J\\ = 0.230(15) 

J= -10.5 cm " 1 = -15.1 K, calc, with (S z ) 0 = 1.23(7) 


4) excitons 


5) 19 F-NMR 

6 ) inel. n-scatt 


calc.: |^|| [ = 91 K, 5 = t->^ 2) = 27.3 K (J N = 101 K) 

excitations within the 12 levels from 4 r 4 (Oj,) of Co 2+ 

fit to the exp. data: 5® = —635 cm -1 , X = -228 cm -1 

J= -9.65 cm- 1 = -13.88 K. <.S’ Z ) 0 = 1.24 

J|| = -59.6 cm- 1 = -85.8 K, g c = 4.45 

J L = -26.6 cm 1 = -38.3 K, J L U\\ = 0.45 

19 F,-NMR^J n = 99.8K 

CO(q) for (t; x , 0, 0) at 6.0(1) K 

(z = 4, S = j ; g c , g a : see meas. and anal, of X) 


= -62.3(5) cm - 1 = -89.7(7) K 
4 = -34.5(14) cm " 1 = -49.6(20) K, 4/Jy = 0.553 

calc.: J N = 100.9 K —> |/|| | = 88.9(2) K = 61.8(2) cm ' 1 
T= 4 K: peak pos. at 452 cm " 1 


anal, of 2-magn. Raman L. together with V AF m R data: 
g' c |I B // [V [F =: 140 cm' 1 , (5 z )o = 1-27 —> J = -13.8 cm -1 


7) 2-magn. Raman L. 


References, remarks 


■ 1-magn. Raman sp. [82S2]; Eq. 3.64 

[69B1] 

exp. values close to exact results (cf. Eq. 3.68) [69B1] 

f [69B1]: model calc, with eff. spin 1/2 Ham. (Eq. 3.62) for strongly 
j anisotropic uniaxial afm. (Co-compounds = good realization of the 
[ 2D-Ising model) 

J: Eq. 3.65a (for comp, with other compounds) 
[72J2];|/|-»7’ ( l 2) :Eq. 3.29 

Raman sp. [76G2, 79G5, 80G3] 

exciton model including crystal field, spin-orbit coupling (5® > 

X: Eq. 3.33) and molecular field (Eq. 3.61) 

values of the parameters of the eff. spin 1/2 Ham. (Eq. 3.62) 
as derived from the exciton data 

[72B2] 

[7812]; Cx = qja* 


fit to the exp. data using linear spin-w. th. and the eff. spin 1/2 
Hamiltonian (Eq. 3.62); Tuo q : Eq. 3.63 

| Jj| | calc, using Eq. 3.67 (2D-Ising model) 

Raman sp. [82S2] 

[82S2]: parameters in theoretical calculation using a mean field 
approach// MF : Eq. 3.61 















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

Rb 2 CoF 4 (cont.) 

8) optical studies 

2 electr. dipole lines (magnon sidebands) in 7i-polarization at 
22763 cm 1 and 22950 cm _1 , corresponding 0-magnon in a- 
polarization, Zeeman splitting in fields up to 30 T 


[83H3] 


absorption edge near 5.7 eV (T ~ 295 K) 
reflectance spectra 12-27 eV (T = 295 K) 


optical study with synchrotron radiation [85S1] 

K 2 NiF 4 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 



1) el. + quasi-el. n-scatt. 

afm. Bragg refl. (1, 0, 0): I(T)-M s 2 ub , (T)->T n = 97.1 K 

[69B2, 70B1] 

2) EPR, NMR 

A 0 5= 0.20(3) 

AFMR/EPR + 55 Mn-NMR [71 W] 

3) meas. and anal, of % 

X\\Cn, Xl<J) [4 K < T< 300 K], T N = 100.5 K 

[63S, 67L, 69L1, 69M3, 70M], see also [62R, 63G] 


X(T>T n ): h.t.s. ->/=-35.1 cm -1 = —50.5 K 

[67L, 73J3]; h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 90N] 


Xl(T= 0) -h>/=- 34.8 cm- 1 =-50.1 K 

[70M]; X±(T= 0): Eq. 3.24, Xj_(T): Eq. 3.23 


X\\(T< T n ) -» J = -38.2 cm- 1 = -55.0 K 

[69M3]; Z||(7) : Eq. 3.22, fit to the exp. data 


H S p = 19.0 T —> H a = 0.61 T 

h.m.f. exp. at T = 4.2 K [70M], tf SF H A : Eq. 3.38 

4) meas. V AFMR 

Hq = 0, T— 4.2 K: /(Vafmr = 19.6(2) cm' 1 = 28.2(3) K 

ir spectr. [71N, 74N1], see also [70B4]; V AF mr: Eq. 3.10 


T= 4.2 K: V AFMR = 19.7 cm" 1 , H SF = 18.3 T, g c = 2.31(4) 

AFMR 70-120 GHz, pulsed fields up to 19 T [72Y1] 


J-dependence of [4 K < T< 75 K] 

calc.: T-dependence of v^mr and ofM subi 

ir spectr. [70B4, 74N1] 

using renorm, spin-w. th., details see [74N1J 

5) inel. n-scatt. 

CO(q) for (^ x , 0, 0) at 5.0 K: J= -38.8(2) cm” 1 = -55.9(3) K 


[69S2, 70B3] q x /a* 


J 2 = -0.2 cm- 1 = -0.3 K, g c = 2.22(6), (z = 4,S= 1) 
h A = 0.0019, g[i B H A = 0-59 cm ', H A = 0.57 T 


parameters from the fit to the exp. data using linear spin-w. th. 

(cf. Eqs. 3.2-3.5, 3.6) 












Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


K2NiF 4 (cont.) 


6 ) spin-wave analysis 


exp. data included: Vapmj^T), M subl (7) and CO(q) 

J = -38.3(3) cm” 1 = 55.1(4) K, J 2 = 0, | J'/J\< 3 ■ 10 ~ 4 
T= 0: h A = 0.00194, = 0.59 cm' 1 , H A = 0.573 T 

J=-35.5(3) cm -1 = 51.1(4) K, J 2 = 0, | J'/J\ < 3 ■ 10 " 4 
T= 0: h A = 0.00209, gp B ^A = 0.59 cm' 1 , H A = 0.573 T 
calc.: A 0 S = 0.177, H AD = 0.128 T 

calc.: |./| = 51.1 K —> r^ 2) = 92 K (T N = 97.1 K) 


7) 2-magn. Raman L. 


8 ) 19 F-NMR 


9) high press, exp. 


10 ) excitons 


7*4K: peakpos. at 525 cm " 1 
theory: shape of 2-magn. Raman line 
T-dependence of peak pos. and width 
F[ : /nmr(D ~Af S ubl(T) 

Fj, Fjj: determination of 7j for77o = 0 [1.5 K < T< 55 K], 
for Hq X c [1.5 K < T< 20 K] and fori / 0 [| c [T=4.2 K] 
measurement of the pressure dependence of the 2 -magn. 
Raman L.(v~/)atl0K and of the lattice parameter a at 
295 K ~^J~ (a nn )-“ with a = 9.5(5) 
various exciton lines 6000-18000 cm ' 1 


11 ) ultrason. study 

12 ) optical studies 


elast. const. C lh C 33 , C 44 , C 66 for 0 <T< 300 K, 
small anomaly in C\ \ near 7^ = 92.2 K 

absorption spectrum and MCD at 295 K 
absorption spectra 5000^4-0000 cm ' 1 (77 K, 295 K) 

NIR absorption spectrum 6500-9500 cm ' 1 at 1 .8 K 
J-dependence of exciton line at 6898 cm 1 

absorption spectrum at 90 K and 300 K(£lc) 
absorption edge near 6.4 eV (T ~ 295 K) 
reflectance spectra 10-35 eV (T~ 295 K) 


References, remarks 


[69S2, 73W2], see also renorm, spin-w. th. [74R3, 75R1] 
parameter values according to linear spin-w. th. 
i (cf. Eqs. 3.2-3.5, 3.6) 

parameter values according to linear spin-w. th. 

.1 (cf. Eqs. 3.2-3.5,3.15) 

[73W2]; A 0 S: Eq. 3.19; H AD : Eq. 3.12 

[73W2]; | /1 T® : Eq. 3.29, see also [72J2] 

Raman sp. [74T]; see also [70F, 71C3] 

[71C2, 71C3] 

Raman sp. [70F, 74T, 76P2, 77P1], see also [70S4] 

19 F! -NMR [70W2, 71W, 73W2] 

[78W2, 79W1, 80W1, 81W4]; discussion of the mechanism for 7): 
see Sect. 3.1.2 

[93S 1 ]: Raman sp. and x-ray diffr. under hydrostatic pressures up to 
" p = 9.5 GPa; results yield J(p) and = a(p) —> J(a nn ) ~ (fl m )- a , 

see: Eq. 3.1; cf. Sect. 3.1.1 

Raman sp. [78A3, 88A2] 

[76G3]: sound velocity measured with a phase compensation 
. method; p= 3.37 g/cm 3 
(20000-28000 cm' 1 ) [73F1] 

[73P1] 

[74K2], g c = 2.27(4) 

(5000-28000 cm' 1 ) [7613] 

optical study with synchroton radiation 

.1 [85S1] 




















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


K 3 Ni 2 F 7 

1) 2-magn. Raman L. 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.4) 

T= 35 K: peak pos. at 610 cm -1 
anal, of 2-magn. Raman L.: 

J (l + fH^-) =-33.2(2) cm -1 = —47.7(3) K; T N « 130 K 


2 ) optical studies 


absorption spectrum and MCD at 6 K 
absorption spectrum (295 K) and MCD (6 K, 295 K) 


Rb 2 NiF 4 

1) meas. V AFMR 

2) meas. and anal, of X 

3) 19 F-NMR 

4) CO(q) model calculation 

5) optical studies 


Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 

H 0 = 0,T= 4.2 K: hv af M r = 34.5(2) cm ” 1 = 49.6(3) K 
exp.: J-dependence of v A fmr and AFMR LW 
calc. /-dependence of v AFMR andM suW 
X\\y Z± [4 K < T< 300 K] 

Xi(T= 0) J= -29.1 cm 1 = -41.8 K, A 0 S = 0.19 

//g F = 35.0 T —> H A = 2.5 T 

/-dependence of NMR LW T^= 90.4 K 

/ N = 91 K,/=-33(2) cm 1 =-48(3) K 

gH B H A = 2.26(14) cm 1 = 3.2(2) K 

calc.: |/| = 48.2 K ^ T^ 2) = 86.7 K (J N = 97.03 K) 

absoprtion spectra and MCD at 50 K, 102 K, 295 K 
absorption spectra 5000^40000 cm 1 (77 K, 295 K) 
absorption spectra at 90 K and 300 K (E ± c) 


Tl 2 NiF 4 


only few and incomplete data on magnetic properties 


References, remarks 


Raman sp. [72F1] 

[80P2] : exp. data for T= 35 K, theory for T —> 0 
parameters in theoretical calculations, details see [80P2] 

(15000-16500 cm” 1 ) [72F1] 

(14500-17500 cm” 1 ) [74P1] 


■ ir spectr. [74N1 ]; V^mr: Eqs. 3.9 and 3.10 

using renorm, spin-w. th., details see [74N1] 

[70M], see also [62R, 73F1] 

[70M]; x±(T= 0): Eq. 3.24; calc. AoS: [73J3J 
h.m.f. exp. at T = 4.2 K [70M], //g F —> H A : Eq. 3.38 
NMR on powder samples [69M3] 

[75A1]: value of/estimated from existing data, incl. scaling from 
. K 2 NiF 4 ; H a from using H E = 2z S J 

[72J2] ; | J\->t£ ] : Eq. 3.29; J N : see [80H4, 8113] 

(20000-28000 cm” 1 ) [73F1], see also [74P1] 

[73P1] 

(5000-28000 cm” 1 ) [7613] 


[69M3] 












Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 

References, remarks 


j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 



K 2 CuF 4 

Ferromagnet, M _L c (magn. order see Fig. 3.27) 



1) meas. and anal, of % 

X(T) for H„ || a, || c [20 K < T < 300 K], T c = 6.25 K 

[72 Y2], see also [69L1,70Y1] 


X(T > T c ): h.t.s. -» J = 7.8 cm' 1 = 11.2 K (S = 1/2) 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 


calc.: H A d = 0.090 T 

[72Y2]; fonnulae fori7 AD : see also [72Y2] 

2) EPR 

ga = gb~ 2.284, g c — 2.088 

[84G1, 84G2], see also [72Y2, 74Y1, 81R1, 83Y3, 95S1] 

3) n-diffraction 

magn. contribution to (0,0,1) Bragg refl. [1 = 4, 10] 

/magn(7) ~ M 2 (T) -» T c = 6.25 K “ 


[72H2, 73H3], see also [79H2, 81H3] 

4) NMR 

63 Cu-, 19 F r NMR:/ NMR (// 0 , T) ~ M(H 0 , T) 

[73K2, 74K4], see also [73D3]; 


a) M(H 0 , T) for H 0 1 c; b) M(T) for H 0 = 0: C M = 0.02972 K“ 3/2 

theory: a) renorm, spin-w. th., b) data fitted to Eq. 3.78 


63 Cu-, 65 Cu-NMR:/ nmr (D ~M(T) [0.03 K< T< 1.9 K] 


[90F2], exp. data fitted to Eq. 3.78 ( T> 1 K), to Eq. 3.76 


T> 1 K: C M = 0.0294 K" 3/2 ( 63 Cu), C M = 0.0313 K“ 3/2 ( 65 Cu) 


(0.1 K < T< 1 K) and to Eq. 3.77 ( T< 0.1 K) 


19 F r , 19 F lr NMR: determination of T u T 2 [1.65 K< J<4.3 K] 


76D6], see also [77K5]; discussion of Tp Sect. 3.1.2 

5) FMR 

8.9 GHz, H 0 ± c H a (T) [1.2 K < T< 4.2 K], 


[74Y1]; H a : Eq. 3.96; : Eq. 3.109a 


T=0:H^= 0.230 T, H A = 0.210 T, g. d [l B H A = 0.322 K 


V FMR ^ H a (T): Eqs. 3.105 (//„ || a), 3.106 ( H 0 || b) 


9 GHz, T= 1.2 K: 7/ res (|3) and M7 fmr ((3) 

[89 A2], see also [81 Y]; H 0 ±c, /)= Z.(Hq, a), a || x-axis 


100 MHz < v < 4.5 GHz, for H 0 1| c, H 0 ± c [1.2 K < T < 20 K] 


89D2, 90D3], see also [84G1, 84G2] 


determination of H C (T) [H a || c], H A (T), M{T) 


v F mr : Eqs. 3.105, 3.106, 3.108 and 3.109; 


T= 0: H^ = H C = 0.243(3) T, H A = 0.122 T, M = M 0 = 0.1234 T 


. H a . Eq. 3.96; H* : Eq. 3.109a; M 0 : Eqs. 3.75a-3.76 


FMR by Brillouin scatt.: uniform and magnetostatic modes 

[80B6], ( 0 {q ): Eqs. 3.122-3.124 


magnetostatic modes: V= 9.27 GHz, T= 1.45, 2.5 K 

[84G1, 84G2]; theory see: [65D, 65J, 74Y2] 


magnetic polaritons: V= 66.82, 87.95 GHz, 7 = 4.2K 


84K2, 84K3] 

6) parallel pumping 

subthr. p. p. (8.9, 35, 73 GHz) —> H' E (1) [1.2K<7< 4.2 K] 


[73Y2, 74Y1, 76Y2]; 


T = 0: H' e = 11.5 mT, g a p B H b = 0.0177 K, J'= 0.0022 K 


p. p.: Eqs. 3.116-3.121; (0{q ): Eqs. 3.122-3.124 


subthr. p. p.: observation of magnon density of states 

[76Y2]; exp. data comp, to calc, magnon density of states 


subthr. p. p. {(Oplln = 9.45 GHz) at 4.2, 8.1, 15.8, 31.2 K 

[82Y 1 ]; exp. data different for T<T C and for T> T c 

















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


K2CuF 4 (cont.) 

6) parallel pumping (cont.) saturation of parallel pumped magnons 

spin-wave linewidth: A// q (7) reflects the 4-fold crystal 
symmetry -> H K = 0.5 mT (T= 0), H A ->0(r«4K) 


7) inel. n-scatt. 


chaos: spin-wave instability by perpendicular pumping 
CO(q) for (£, £, 0) at T= 2 K: J= 7.90 cnT 1 = 11.36 K 
co(q) for (£ x0> 0, 0) at T= 1.05 K: J= 8.29 cm' 1 = 11.93 K 

J A = 0.062 cm- 1 = 0.089 K, h A = 0.0075, H A = 0.232 T 
J'= 0.0015 cm" 1 = 0.0022 K, h' E = 3.7 ■ 10” 4 , H g = 11.5 mT 


8) el. + quasi-el. n-scatt. 

9) thermal conductivity 

10) optical studies 


determination of J' from x(q) near T c 
J'/J= 1.65 ■ 10” 4 , J'= 0.0014 cm” 1 = 0.0020 K 

polarized neutrons —> magn. form factor f{K) for Cu 2+ 
exp. study of %T, H 0 )[2K<T< 70 K, H 0 = 0.09 T] 
absorption bands near 7900, 9500, 12300 cm -1 
Faraday rotation 20000^40000 cm -1 

absorption spectrum 5000-16000 cm -1 ; MCD, MLD; 
determination of J in excited state (8766 cm -1 ) 

LMB and Faraday rotation: study of fin. stripe domains 
absorption 5000-17000 cm -1 , MCD, Zeeman spectra 


Rb 2 CuF 4 

1) meas. and anal, of X 


Ferro magnet, Ml. c (magn. order see Fig. 3.27) 

X(T) for Hq || c, H„ 1 c [1.5 K < T< 8 K] -> T c = 6.05(9) K 

T> T c : X(T) for H 0 ± c [25 K < T< 250 K] 
h.t.s. ->J = 8.55 cm” 1 = 12.3 K (S= 1/2) 

ga = ^b = 2-285, g c = 2.086 


2) EPR 


References, remarks 


[80Y1] 

{ [81Y], see also [78Y1]; p. p. study for various directions of H 0 
the basal plane [1.4K<J<4.2KJ 

[87Y1] 

[76F, 78M2], see also [76M3], C, = q^/a* = qyo/a* 

[83H4]; ^ x0 = q x0 /a*, S = 1/2, z = 4, z' = 8 

fit of the exp. data to 7T(Eq. 3.69) with linear spin-w. th. 

{ (cf. Eqs. 3.7l-3J3)-H E ,H A ,H' E : Eq. 3.96 

Z(?x 0 , q y 0, <?zo): Eqs. 4.55-4.51 
[73H3] 

[76A6] 

[76M2], heat transport due to 2D magnons 
[75L7], crystal field transitions 
[76L2] 

• [77F1, 79F1], see also [74K3, 75K2] 

[80K2, 82N1, 87M1 ]; diffr. theory: [81K5, 82N1, 82N2] 

[90R2], 2 zero-phonon lines (magnetic dipole origin) 


[88D1], see also [95S1] 

[95S1] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 
EPR at about 10 GHz [95S1] 












Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Cs 2 CuF 4 

1 ) meas. and anal, of % 

2) EPR 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


Ferro magnet. Ml. c (magn. order see Fig. 3.27) 

X(T) for H n || c, //(| ic[2K< T< 10 K] —> T c = 6.05 K 
T> T c : X(T) for H 0 ± c [25 K < T< 250 K] 
h.t.s. ->J= 8.76 cm " 1 = 12.6 K (S= 1/2) 
ga = gb = 2 - 2 74, g c = 2.081 


b) Chlorides, Bromides and Iodides with inorganic A + -ions 


K 2 CrCl 4 

1 ) meas. and anal, of X 

2 ) optical studies 


Ferromagnet, M _L c (magn. order see Fig. 3.34) 

X(T) [80K<J<300 KJ 

X(T> T c ): h.t.s. -> J= 3.30 cm” 1 = 4.75 K (S = 2, g = 2.00) 
absorption spectra 8000-28000 cm 1 [4.2 K < T< 300 K] 
reflectance spectra 7000-23000 cm -1 , T = 90, 295 K 
T-dependence of the intensity of the exciton magnon 
band at 15900 cm ' 1 [4 K < T< 15 K], T c » 65 K 


Rb 2 CrCl 4 

1 ) meas. and anal, of x 

2) EPR 

3) FMR 


Ferromagnet, M _L c (magn. order see Fig. 3.34) 

X(H 0 , T) fori/o || (1, 1, 0) [0 <H 0 < 70 mT, 5 K < T< 52 K] 

X(H 0 , T) for H 0 || (1, 0, 0) [0 <H 0 < 180 mT, 5 K < T< 41 K] 
—> Hq(T) for spin reorientation transition 

ga = gb= 1 -995(15), g c = 1.98(2) 

H a = 3.181 T,H A = 0.231 T [M 0 = 0.230 T] 

Hq || ( 1 , 0 , 0 ): study of spin reorientation transition 


References, remarks 


[95S1] 

[95S1] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 
EPR at about 10 GHz [95S1] 


[75L9], see also [75G5, 79D3] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70F1, 90N] 

[73D1] 

[75L8] 

[76G4], see also [78B1, 79D3]; theoretical calc, using linear spin- 
th. ( J= 3.5 cm' 1 , D = 1 cm cf. Eq. 3.16) 


[86K2] 

[86K2]; spin reorientation transition = transition from canted to 
collinear ferromagnet 

[86G2]: EPR (v= 10 GHz) at 300 K; see also [89S1] 

[85G3, 91G2]: (v« 100 GHz); H A , H A : Eqs. 3.103,3.104 
[84F2, 84S3]: optically detected and ordinary FMR 













Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


Rb2CrCl4(cont.) 
4) inel. n-scatt. 


CO(q) for (£, 0) at 5, 40, 45, 50 K [small q: 0 < £ < 0.08] 

and at 20 K full grange [0 < ^ < 0.5]; T c = 52.40(5) K 

J = 5.25(13) cm- 1 = 7.56(19) K, H E = 90.03 T, 8= 1.1° 
P = 2.18(13) cm- 1 = 3.14(18) K, H Al = 7.01 T 
D = -0.28(12) cm” 1 = -0.41(17) K, H A1 = -0.92T 
J= 5.25(13) cm ' 1 = 7.56(19) K, H E = 90.03 T 
D = 0.74(10) cm 1 = 1.06(15) K, H A = 2.37 T 


P = 0.085(10) cm 1 = 0.123(14) K, H A = 0.275 T 


5) el. + quasi-el. n-scatt. 


6) NMR 


/’-dependence of co(q) for (£, 0) with ^ = 0.1, 0.25, 0.4 

and for (£ x0 ,0, 0) with £ x0 = 015 [5.3 K < T< 62.7 K] 
determination of ./'from X(q) 

a) J'U = 6.5 ■ 10“ 5 , J'= 0.3 ■ 10“ 3 cm' 1 = 0.5 • 10“ 3 K 

b) J'U= 1.5 ■ 10- 4 , J'= 0.8 ■ 10“ 3 cm 1 = 1.1 • 10“ 3 K 

c) J'U = 2.3 • 10” 4 , J'= 1.2 ■ 10“ 3 cm" 1 = 1.7 ■ 10“ 3 K 

polarized neutrons —> magn. form factor/( K) for Cr 2+ 

53 Cr-NMR a)/ NMR (7)~M(J) 
b) detennination of 7) and T 2 

35 C1-, 37 C1-NMR —> covalency between Cr 2+ - and Cl - -ions 
35 C1: asymmetry of the EFG V^ - Vyy due to the 
deformation of the CrClg octahedra 
hv max = 168.0(2) cm -1 (optic branch, q = 0, cf. Eq. 3.90) 


7) 1-magnon Raman sp. 


References, remarks 


J [81H4], see also [76H4, 80E1, 80L2]; £ = qja* = q y0 /a*; 5 = 2, 
z = 4; calculation of H E , H A etc. with g = 2.00 

exp. data fitted to JC( 1), cf. Eq. 3.81 with J'~ 0; parameter values 

- according to renorm, spin-w. th. [80E1, 81H4]; H E , H A \, H A 2 - 
Eq. 3.101 

exp. data fitted to 7/(2), cf. Eq. 3.86 with J'~ 0; parameter values 

- according to renorm, spin-w. th. [80E1, 81H4]; H E , H A , H A : 

. Eq. 3.103 

J [78F1]; T c = 52.8(4) K 
. ? = = dyo/a* ( b * = a*), ^ x0 = q x0 /a* 

XidxO, dyO, dzoY Eqs. 4.55^1.57 
[93A], TAS6-data (Riso) 

[93A], DIO-data (ILL, Grenoble) 

[93V] 

[79D3] 

[85T]; a) exp. data compared to spin-wave calculations 
[85T, 86T1 ]; discussion of mechanism for 7): Sect. 3.1.2 
[88K6] 

' [90Z1] 

[87A3; exp. data analysed by linear spin-w. th. [88B3] 

















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

Rb2CrCl4(cont.) 

8) optical studies 

reflectance spectra 7000-23000 cm” 1 , T = 90, 295 K 


75L8] 


7-and //o-dependence of absorption spectra in the visible: 

H 0 1| (1, 0, 0), || (1,1, 0), || (0, 0,1) [0.85 K < 7< 50 K, 

0 <//(,< 3 T] 


[79D4, 82J3] 


7> 3 K: I(D of band at 631 nm -» v gap = 25.0 GHz (H 0 = 0) 

intensity: 7(7) ~ 7 2 ■ exp [- (/(V gap + g|t B 7/ 0 )/(ir B 7)] 


intensity 7(7) of the 530 nm absorption band, related more to 
short-range than to long-range correlations 


[80B7], exp. data comp, to estimates from n-scatt. data (long-range) 
and to theory [74V4] (short-range) 


7- and independence of absorption profiles in the visible: 

H 0 || (1,0, 0), || (1, 1, 0), || (0,0, 1) [0.35 K < T< 1.3 K, 
0<7/ 0 <3T] 

1 

f [88B3]; exp. data comp, to calculated absorption profiles, the 
< magnons described by spin-w. theory 

Rb 2 CrCl 3 Br 

Ferromagnet, Ml. c (magn. order see Fig. 3.34) 



1) el. + quasi-el. n-scatt. 

T c = 55 K (details see Table 6) 

[86B3, 86D3, 86D4] 

Rb 2 CrCl 3 Br (cont.) 

2) optical studies 

7-dependence of absorption spectra in the visible: 

[0.35 K < 7 < 20 K], 7(7) of absorption bands at 530 nm 
and at 630 nm h V gap = 2.5(3) K = 52(6) GHz 


86B3] 

intensity 7(7) ~ 7 2 ■ exp [- (/iV gap )/(^ B 7)] 


intensity 7(T) of the 530 nm aborption band, related more to 
short-range than to long-range correlations 


[86B3], exp. data comp, to estimates from n-scatt. data (long-range) 

. and to theory [74V4] (short-range) 

Rb 2 CrCl 2 Br 2 

Ferromagnet, M ± c (magn. order see Fig. 3.34) 



1) el. + quasi-el. n-scatt. 

scans along rod (0, 0, 1 + Q -> 7 C = 57.0 K, J'IJ= 1.02 ■ 10” 3 

[93V] 

2) optical studies 

7-dependence of absorption spectra in the visible: 

[0.35 K < 7 < 20 K], 7(7) of absorption bands at 530 nm 
and at 630 nm h v gap = 2.7(5) K = 56(10) GHz 

} 

86B3] 

intensity 7(7) ~ 7 2 ■ exp [- (/iv gap )/(Ag7)] 


intensity 7(7) of the 530 nm absorption band, related more to 
short-range than to long-range correlations 


[86B3], exp. data comp, to estimates from n-scatt. data (long-range) 

. and to theory [74V4] (short-range) 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Rb 2 CrCl 2 I 2 

meas. M and X 

Rb 2 CrBr 4 

Cs 2 CrCl 4 

Cs 2 CrBr 4 

(NH 4 ) 2 CrCl 4 

(NH 4 ) 2 CrBr 4 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 

Ferro magnet. Ml. c (magn. order see Fig. 3.34) 
exp. data M,x^>T c = 56.9(2) K, J= 4.0 cm- 1 = 5.8 K 
at T= 4.2 K: H A = 4.5(2) T, H A = 0.16(2) T 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 


Rb 2 MnCl 4 

1) meas. and anal, of X 

2) meas. M induced by H 0 

3) EPR 

4) AFMR 


Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
Z||(nZ±(7)[l-5K<r<300 K] 

T> Tf^: exp. data comp, to h.t.s. calculation 

H 0 - and l/z-dependence of M at T = 4.2 K [0 < // < 6 T ] 

y/= Z(//j, oaxis) —> H S p = 5.6 T 

g a = g b = 2.004(2), g c = 1.999(2) 

AFMR (9-250 GFiz), H 0 || c, H 0 ± c, various conditions 
H 0 = 0, T= 4.2 K: V AFMR1 = 153.0 GHz, Vafmr .2 = 156.2 GHz 
—>// a = 0.175 T, H a = 0.015 T,H a = 3.6 mT 

T-dependence: v AFMR (7). H A (T) [4.2 K < T < 50 K] 

AFMR LW: C AFMR = 2.5 ■ 10“ 7 T/K 4 (v = 62, 95, 126 GHz) 

afm. Bragg refl. (1, 0, 0): I(T) ~M; m (T)^T N = 56.0 K 


5) el. + quasi-el. n-scatt. 


References, remarks 


[91V2], vibrating sample magnetometer, Faraday balance, SQUID; 
H a , H a : Eqs. 3.103, 3.104 


[81B5] 

[74H2, 75G5, 78L8, 75L9] 
[81B5] 

[75L8] 

[81B5] 


[94H], see also [74W1] 

h.t.s.: special series, details see [77K7, 78K4, 94H] 

• [78F2], see also [86G3] 

[86G2]: EPR (v= 10 GHz) at 300 K; see also [89S1] 

[81S4, 84G3, 91G1, 91G2], see also [84K6, 94H] 
orthorh. distortion —> splitting of V AFMR [89G5, 92GI ] 

H a ,H a , H a : see Eqs. 3.41, 3.50-3.5lb 
[80S2, 88G3, 90G4] 

anal, of AT/^mr using Eq. 3.13, note: A// afmr =/(v) 
[80S2] 











Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

Rb 2 MnCl 4 (cont.) 

6) inel. n-scatt. 

CO(q) for (£ x , 0, 0) and (0.3, 0, 0.5) at T= 8 K 
fit to exp. data with renorm, spin-wave theory 
high resolution study 

splitting of hen q into 2 modes typically 20 GHz apart 
and a new additonal mode in the spin-flop phase 

f 

80S2], £ x = q x /a* 

it: Eq. 3.15; parameter values: see spin-wave analysis 
[92T1, 97T3, 98T]; magn. field || c [0 < H 0 < 6.5 T]; 
splitting of ~ 20 GHz expl. as finite-size effect [98T; 

. add. mode possibly a vortex-like excitation, see [97T3] 

7) spin-wave analysis 

exp. data included: V4j; MR (7), M subl (7) and C 0 (q ) 

[78S8, 80S2] 


(z = 4, S = 5/2, g = 2.000, J 2 ~0,J'~ 0, H A « 0, H A = 0) 

J 2 , J': Eq. 3.2; H A , H A : Eq. 3.41 


J= -4.07 cm 1 = -5.85 K, H E = 87.09 T 

T= 0: h A = 2.02 ■ 10- 3 ,gp B // A = 0.165 cm -1 , // A = 0.176 T 

4.2 K:/7 A = 2.01 ■ 10“ 3 , gp B // A = 0.163 cm -1 , H A = 0.175 T 


parameter values obtained with a fit to the exp. data using linear 

spin-wave theory 

(cf. Eqs. 3.2-3.5, and 3.6) 


J= -3.94 cm” 1 = -5.67 K, i/ E = 84.42 T 

T= 0: /7 A = 2.09 ■ 10“ 3 , gp B // A = 0.165 cm" 1 , H A = 0.176 T 


parameter values according to renorm, spin-w. th. 

(cf. Eqs. 3.2-3.5,3.15) 


calc.: A 0 5'= 0.177, H AD = 0.135 T 

[80S2]; A 0 5: Eq. 3.19, H AD : Eq. 3.12 

8) (Hq, T) phase diagram 

observed critical point: bifurcation point, not bicritical one, hut 
results of new studies: indications of a bicritical point 


n-diffr. [86R1, 86R2]; n-diffr. and Monte-Carlo simulation [96K, 

. 98K1]; see also [80P4] 

9) optical studies 

fluorescence (5700-8000 cm -1 ) at T = 25, 76, 100 K 

[71K2] 


intrinsic emission 4 Ti g (G) —> 6 Aig(S) at T= 1.7 K 

exciton line, magnon sideband [77S2] 


optical absorption, MCD (15000^15000 cm *) 

T= 15 K: study of magnon sideband near 26500 cm 1 

electronic transitions [84B3, 84V2], s. also [79P4, 81G3] comp, of exp. 
data with calc, lineshape [95T2] 


high resolution absorption, excitation spectroscopy, and 
luminescence, also time-resolved 


study of the 6 Ai g —» 4 Ti g (G) transition, also on Er 3+ -, Nd 3+ -doped 
samples; [84K4, 84K5], s. also [82P2] 

Rb 3 Mn 2 Cl 7 

Antifen'ornagnet, M sub | || c (magn. order see Fig. 2.4) 



1) meas. M induced by H 0 

7/o‘dependence of M at T = 4.2 K for H 0 || c, Hq ± c 
[0 < H 0 < 6 T] -> H sf = 3.84(5) T 


[87K1]; H se : Eq. 3.39 



















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

RbjMmCly (cont.) 




2) el. + quasi-el. n-scatt. 

afm. Bragg reil. (1, 0, 2): 7(7) -M^ (7) -» J N = 64.5 K 

[76G1] 

3) AFMR 

Vafmr (H 0 ) for Ho || c at T= 4.2 K [0 < H 0 < 6 T] 

Hq = 0, 7"= 4.2 K: V AFMR = 107(1) GHz, g= 1.97 


AFMR at V = 50-130 GHz [87K1 ] 

4) optical studies 

optical absorption, MCD (15000^450 00 cm -1 ) 

electronic transitions [84B3] 


q = q m ax : /iV BZB = 90 cm -1 —> g|i B 77 E = 2.70 THz, H E = 98 T 
hv BZB , h Vafmr -» = 2.11 GHz, H A = 0.077 T 


h V B zb from exciton-magnon spacing in the optical spectra; /JVA FMR : 

. Eq. 3.32a, /*V BZB : Eq. 3.32b 


high resolution absorption, excitation spectroscopy, 
luminescence, also time-resolved 


study of the 6 Ai —> ^(G) transition [84K5] 

Cs 2 MnCl 4 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 



1) meas. and anal, of % 

Ufpowder(T) [4.2 K <T< 240 K], corr. for MnCl 2 impurities 

X(T> r N ): h.t.s. —>J=- 3.5 cm -1 =-5.0 K 

[74W1] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 90N] 

2) el. + quasi-el. n-scatt. 

several afm. Bragg reflections: I(T) (7), afm. 

Bragg rods observed —> T N = 52 K 


[70E] 

Rb 2 CuCl 4 

Antiferromagnet, M sub | ± c (magn. order see Fig. 3.27) 



1) EPR 

ga = gb = 216(1), g c = 2.06(1) 

[74 W3] 

2) meas. and anal, of % 

X(T) [4.2K<7< 150 K] 

X(T> 7 n ): h.t.s. ->J= 13.1(2) cm- 1 = 18.8(3) K 

[74W3], vibrating sample magnetometer 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 70L1, 90N] 

3) meas. *(7/ 0 ), M{H q ) 

X(H 0 , T)[0<H 0 <l.5T,4.2K<T<25 K], ^ ac at/= 250 kHz, 
field-induced M [0 < 77 0 < 5.5 T] at various T 


[74W3], vibrating sample magnetometer, twin T-bridge for meas. X 
at 250 kHz 


exp. data J N = 13.7(1) K, 77 SF = 70(3) mT, H^ u = 1.70(4) T 


[74W3], see also [74M2, 75Y, 76B5, 76J1, 77B3]; 


H e = 51.8(8) T, H' e = 0.77(3) T, J' = -0.097 cm’ 1 = -0.140 K, 


determination of T N , H E , 77 A and H A : see [74W3]; 


H a = 0.076(30) T,H a = 3.2(10) mT 


77 sf , 77p M : Eqs. 3.57, 3.59; H E , H' e , 77 A , 77 A : Eq. 3.96 

















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Rb 2 CuCl 3 Br 

1) EPR 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


Antiferromagnet, M subl ± c (magn. order see Fig. 3.27) 
g a = g b = 2.14(1), g c = 2.06(1) 


2) meas. and anal, of X 

3) m eaS .x(H 0 ),M(H 0 ) 


X(T) [4.2K<J< 150 K] 

X(T> r N ): h.t.s. ->J= 12.2(2) cm 1 = 17.6(3) K 

X(H 0 , D [0 < H 0 < 3 T, 4.2 K < T< 28 K], Xac at /= 250 kHz, 
field-induced M [0 < H 0 < 5.5 T] at various T 
exp. data J n = 15.2(1) K, H SE = 90(5) mT,//£ M = 3.5(1) T 
H e = 49.0(8) T, H E = 1.55(7) T, /' = -0.19 cm' 1 = -0.28 K, 
H a = 0.27(4) T, H a = 2.6(10) mT 


Rb 2 CuCl 2 Br 2 

1) EPR 

2) meas. and anal, of X 

3) meas. x(Hq), M(H 0 ) 


Antiferromagnet, M subl ± c (magn. order see Fig. 3.27) 
g a = g b = 2.13(l),g c = 2.08(l) 

X{T) [4.2K<J< 150 K] 

X(T> T n ): h.t.s. H>/= 11.3(2) cm 1 = 16.3(3) K 

X(H 0 , T) [0 < H 0 < 5 T, 4.2 K < T< 26 K], ^ ac at/= 250 kHz, 
field-induced M [0 < H 0 < 5.5 T] at various T 
exp. data J n = 17.2(1) K, H SF = 118(4) mT, //p M = 5.65(9) T 
H e = 45.6(8) T, H' e = 2.34(10) T, J’=- 0.29 cm- 1 = -0.42 K, 

H a = 0.83(4) T, H a = 3(1) mT 


(NH 4 ) 2 CuC1 4 
meas. and anal, of X 


Antiferromagnet, M subl ± c (magn. order see Fig. 3.27) 
Zpowder(7)[lK<J<200 K] 

X(T> T n ): h.t.s. -^J= 11.8 cm” 1 = 17.0 K (H E = 48.2 T) 
peak of * -> T N = 11.2 K; X (T ^ 0): 

H e = 0.307 T, J'= -0.038 cm” 1 = -54 mK, g a = 2.10 


References, remarks 


[74 W3] 

[74W3], vibrating sample magnetometer 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 70L1, 90N] 

[74W3], vibrating sample magnetometer, twin T-bridge for meas. 
. . x at 250 kHz 

' [74W3], see also [72M2, 75Y, 76B5, 76J1] 

determination of T N , H E , H A and H A : see [74W3]; 

H sf , H\ i M : Eqs. 3.57, 3.59; H E , H E , H A , H A : Eq. 3.96 


[74 W3] 

[74W3], vibrating sample magnetometer 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 70L1, 90N] 

[74W3], vibrating sample magnetometer, 
twin T-bridge for meas. X at 250 kHz 
[74W3], see also [72M2, 75Y, 76B5, 76J1] 
determination of Tn, H' e , H A and H A : see [74W3]; 

H sf , //£ m : Eqs. 3.57, 3.59; H E , H' E , H A , H A : Eq. 3.96 


[72L3] 

h.t.s. Eqs. 3.26, 3.27; coeff. see [67B2, 70L1, 90N] 
' f [72L3], see also [74M2, 76B5] 

. 1 H e ,H' e : Eq. 3.96 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , X N etc. 

[definitions see Table 1, units are given below] 


c) Chlorides and Bromides with organic A + -ions 


(CH 3 NH 3 ) 2 CrCl 4 

1) meas. and anal. % 

2) meas. M 

3) specific heat 

4) optical studies 


Ferromagnet, MX c (magn. order see Fig. 3.34) 

X(T) [60K<7<200 K] 

X(T> T c ): h.t.s. J= 4.5 cm' 1 = 6.5 K, g = 2.00 
M(7)/M(0) -» 7 C = 42K 

C p (7) [4.2 K < 7< 300 K], magn. and lattice contributions 

absorption spectra 15000-27000 cm -1 

reflectance spectra 8000-260000 cm 1 at 90 K, 295 K 

intensity 7(7) of the 530 nm absorption band, related more to 
short-range than to long-range correlations 


I(H 0 , T) of 530 and 630 nm absorption bands for H 0 || b 
[0 <H 0 < 5 7, 3 K < 7< 10 K] -> hv gap = 1.9 K, g = 1.93(1) 
->P= 0.296 K, S= 1.9°, assuming D= 1.06 K (Rb 2 CrCl 4 ) 


(C 2 H 5 NH 3 ) 2 CrCl 4 

1) meas. and anal. / 

2) meas. M 

3) optical studies 


Ferromagnet, Ml. c (magn. order see Fig. 3.34) 

X(T) [55 K <7< 150 K] 

X(T> T c ): h.t.s. ->J=3.5 cm 1 = 5.0 K, g= 1.95 
M(T)/M(0) -> 7 C = 41 K 

absorption spectra 15000-21000 cm -1 at 7 K, 298 K 
results discussed with respect to coll. JTE and orb. order 
intensity I(T) of the 530 nm absorption band, related more to 
short-range than to long-range correlations 


(C 3 H 7 NH 3 ) 2 CrCl 4 

1) meas. and anal. / 

2) meas. M 


Ferromagnet, MX c (magn. order see Fig. 3.34) 
X(T) [60 K <T< 120 K] 

X(T> T c ): h.t.s. ->J= 3.25 cm” 1 = 4.7 K,g= 1.95 
M(T)/M( 0) -> T c = 39.5 K 


References, remarks 


[78B1], see also [78L4] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 78B1, 90N] 

SQUID magnetometer [80G6], quoted in [78B1, 86B1] 

[82R1] 

[78B1], see also [78B6] 

[78L4] 

[80B7] ; exp. data comp, to estimates from magn. meas. (long-range) 
. and to theory [74V4] (short-range) 

1 f [85B 1 ]; intensity 7(7) - 7 2 ■ exp [- (hv ga p)/(k B T)]\ 

|| h Vgap, D P: Eq. 3.89; P,J^S: Eq. 3.84; 

J [ note: there are minor errors in the calc, of [85B1 ] 


[78B1], see also [78L4] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 78B1, 90N] 

SQUID magnetometer [80G6], quoted in [78B1, 86B1] 

■ [87B4], see also [78B1] 

[80B7]; exp. data comp, to estimates from magn. meas. (long-range) 
. and to theory [74V4] (short-range) 


[82S1] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 82S1, 90N] 
SQUID magnetometer [80G6], quoted in [86B1] 














Table 5. Data concerning Magnetic Properties (continued) 


Compound 


(C 5 H n NH3) 2 CrCl4 

(C n H 25 NH 3 ) 2 CrCl 4 

(C 6 H 5 NH 3 ) 2 CrCl 4 

(C 5 H 5 NH) 2 CrCl 4 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 

only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 


(C 6 H 5 CH 2 NH 3 ) 2 CrCl 4 

1) meas. and anal, x 

2) optical studies 


Ferro magnet, M _L c 
X(T) [40K<J< 150 KJ 

X(T> T c ): h.t.s. ->/= 3.7 cm 1 = 5.3 K, g = 2.10 
X' IC at/= 198 Hz [5 K < T < 60 K] —> r c = 37 K 
intensity I(T) of the 630 nm absorption band 


(CH 3 NH 3 ) 2 CrBr 4 

(C 2 H 5 NH 3 ) 2 CrBr 4 

(C 3 H 7 NH 3 ) 2 CrBr 4 

(C 5 H n NH 3 ) 2 CrBr 4 

(C 8 H 17 NH 3 ) 2 CrBr 4 

(C 12 H 25 NH 3 ) 2 CrBr 4 

(C 6 H 5 NH 3 ) 2 CrBr 4 

(C 5 H 5 NH) 2 CrBr 4 


only few and incomplete 
only few and incomplete 
only few and incomplete 
only few and incomplete 
only few and incomplete 
only few and incomplete 
only few and incomplete 
only few and incomplete 


data on magnetic properties 
data on magnetic properties 
data on magnetic properties 
data on magnetic properties 
data on magnetic properties 
data on magnetic properties 
data on magnetic properties 
data on magnetic properties 


(C 6 H 5 CH 2 NH 3 ) 2 CrBr 4 
meas. and anal, x 


Ferromagnet, M _L c 
X(T) [45 K < J< 215 K] 

X(T> 7c): h.t.s. ->J= 4.55 cm” 1 = 6.55 K, g = 2.00 
X' ac at/= 198 Hz [40 K < T< 75 K] —> T c = 52.0(1) K 


References, remarks 


[82S1.86B1] 
[82S1.86D3, 86D4] 
[83B3] 

[75L8] 


[86B1] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 86B1, 90N] 

[86B1] 

[86B 1 ]; [1.5 K< T< 14 K]: 7(7) ~ T 2 

[81B5] 

[81B5, 87B4] 

[81B5] 

[81B5] 

[81B5] 

[81B5] 

[81B5] 

[81B5] 

[86B5, 87B1] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 86B5, 90N] 
[87B1] 








Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

(CH 3 NH3) 2 MnCl4 

Antiferromagnet, M sub | || c (spin canting, weak fin.: MXc) 

details see [90A1], weak fin. due to DMI (Eq. 3.52) 

1) meas. and anal, of % 

X(T) [4.2 K < T < 300 K], corr. for MnCl 2 impurities; 

T> T u : -3-5(1) cm- 1 =-5.0(2) K, h.t.s.; 

T= 4.2 K: M(H 0 ) for H 0 || c -> H sF = 3.6(3) T, h A = 0.0011 

[72A], see also [73H1] 

Xmax J- Eq. 3.28; h.t.s.: Eqs. 3.26, 3.27 
#SF H a . Eq. 3.39; H A -> h A : Eq. 3.6 


X(T) [78 K < T< 300 K], ^ ac (7) (f= 33 Hz) [4.2 K < T< 140 K] 
Xac sharp peak at = 45.3(5) K resulting from weak fin. 

[74G2]; X- Faraday techn., ^ ac : initial susceptibility techn. 
spin canting, weak fin. Mdue to DMI (Eqs. 3.52, 3.53) 

2) AFMR 

H 0 = 0, T= 4.2 K: /?V AFMR = 3.47 cm" 1 = 4.99 K 

T-dependence: v AFMR (7), H A (T) [4.2 K < T < 43 K] 


[78S1, 78S8, 80S2, 81S4]; v= 64.0, 83.5, 92.8 GHz; 

. V AFMR : Eqs. 3.9, 3.10; H D not observed in AFMR 


AFMR LW: C AFMR = 3.7 ■ 10“ 7 T/K 4 (v = 64, 84 GHz) 

[80S4]; anal, of A// afmr using Eq. 3.13, ( AH° afmr =j(v)) 

3) inel. n-scatt 

CO(q) for (<; x , 0, 0), (0.2, 0,0.5), (0.3, 0, 0.5) at T= 8.5 K 
fit to exp. data with renorm, spin-wave theory 

[80S2], C x = qja* 

fit: Eq. 3.15; parameter values: see spin-wave analysis 

4) spin-wave analysis 

exp. data included: Vapmj^T), M sub \(T) and CO(q ) 

[78S8, 80S2] 


(2 = 4 , S= 5/2, g = 2.000, J 2 = 0 ,J'= 0, H A <= 0, H A ~ 0) 

J 2 , J': Eq. 3.2; H A , H A : Eq. 3.41 


J= -3.34 cm 1 = -4.80 K, H E = 71.45 T 

T= 0: h A = 1.36 • 10- 3 ,gp B // A = 0.091 cm -1 , H A = 0.097 T 


parameter values according to linear spin-w. theory 
(cf. Eqs. 3.2-3.5, and 3.6) 


J= -3.23 cm 1 = -4.65 K, H E = 69.3 T 

T= 0: h A = 1.40 ■ 10- 3 ,gp B i/ A = 0.091 cm" 1 , H A = 0.097 T 


parameter values according to renorm, spin-w. th. 

. (cf. Eqs. 3.2-3.5,3.15) 


calc.: A 0 5= 0.181, H AD = 0.128 T 

[80S2]; A 0 .S’: Eq. 3.19, H AD : Eq. 3.12 

5) meas. M 

weak fin. M(T) due to spin canting [5 K < T < 45 K] 

T= 0: M= 0.028 fi B -> (p= 0.32°, H D = 0.40 T 

SQUID magnetometer [96 K] 

M(T= 0) -» (p: Eq. 3.55 (M s =M 0 = 5 p B ); H D : Eq. 3.54 

6) optical studies 

optical absorption 4000^44000 cm -1 [4.2 K < T < 300 KJ 

electronic transitions [76A7] 


T = 15 K: study of magnon sideband near 26500 cm 1 

comp, of exp. data with calc, lineshape [95T2] 














Table 5. Data concerning Magnetic Properties (continued) 


Compound 


(C 2 H 5 NH 3 ) 2 MnCl 4 
1) meas. and anal. % 


Characteristic magnetic parameters: 
j, h e, Hfi, H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 

Antiferromagnet, M sub | || c (spin canting, weak fm.: M _L c) 

Zpowdert T), X ilc - powder(T) [4.2 K < T < 300 K] 

Xac'- sharp peak at = 43.1(2) K resulting from weak fm. 
T> T n : x(T) —> J= -3.20(3) cm” 1 =^t.60(5) K 


2) el. + quasi-el. n.scatt. 

3) AFMR 

4) (H 0 , T) phase diagram 

5) optical studies 


T= 1.2 K: M{H 0 ) for H 0 || c -A H SF = 3.10(3) T, H A = 68.5 mT 
afm. Bragg refl. (1, 0, 0): I(T) ~M 2 ubl (7) -» J N = 42.1(2) K 

H 0 = 0, T= 4.2 K: /(Vafmr = 2.98 cm -1 = 4.29 K; under 
various conditions: H E = 70.0 T, H A = 70 mT, H SF = 3.2 T 
observed critical point identified as bicritical point 
optical absorption 4000-40000 cm 1 
T-dependence of the optical absorption near 24000 cnT 1 
T= 4.2 K: study of the magnon sideband near 26500 enr 1 
spin-w. calc, with: J=— 3.4 cm' 1 , g|d B // A = 0.1 cm 1 


(C 3 H 7 NH 3 ) 2 MnCl 4 
1) meas. and anal. / 


2) meas. M 

3) el. + quasi-el. n-scatt. 

4) AFMR 

5) optical studies 


Antiferromagnet, M sub] || c (spin canting, weak fin.: M _L c) 

Zpowder(7) [78K < T< 300 K] X-A T ) [1 K < T< 200 K] 

Xac- sharp peak at = 39.2(3) K resulting from weak fin. 

T> J N : x(T) J= -3.09(3) cm' 1 = —4.45(5) K 

T= 1.2 K: M(H 0 ) for H 0 || c H SF = 1.63(2) T, h A = 3 • 10“ 4 

weak fin. M(T) due to spin canting [5 K < T < 39 K] 

T= 0: M= 4.2 • 10~ 4 |l B -> <p= 0.05°, H D = 0.111 T 

afm. Bragg refl. (1, 0, 1): I{T) ~M^ U (T) -» J N = 39.3 (1) K 

H 0 = 0, T= 4.2 K: /iV AFMR = 1.85 cm' 1 = 2.66 K 
T-dependence of the optical absorption near 24000 cur 1 
T= 15 K: study of the magnon sideband near 26500 cm 4 


References, remarks 


details see [90A1], weak fm. due to DMI (Eq. 3.52) 

[79G6], see also [73H1, 89Z2, 9IP] 

spin canting, weak fin. Mdue to DMI (Eqs. 3.52, 3.53) 

theory %{T)t % for S = 4 afm. [76N4, 90N]; X '■ Eq- 3.28a 

H sf ^H a . Eq. 3.39 

[86A1.90A1], see also [89Z2] 

' [88S4, 89Z2], see also [81S4, 83G1, 89S3, 89S4] 

V AFMR : Eqs. 3.9, 3.10; H sF : Eq. 3.39 
magn. meas. [76N3]; spin-flop transition broadened 
electronic transitions [76A7] 
transition 6 Ai g —> 4 Ai g ( 4 G), 4 E g ( 4 G) [78K5] 

[76K3, 78K6], see also [79T2] 
comparison of exp. data with calc, lineshape 

details see [90A1], weak fm. due to DMI (Eq. 3.52) 

[79G6, 80G7], effects of domains on z ac see [80G8] 
spin canting, weak fm. due to DMI (Eqs. 3.52, 3.53) 

theory x(T)/ Z for 5 = | afm. [76N4, 90N]; x ■ Eq. 3.28a 
H sf -a H a : Eq. 3.39; h A : Eq. 3.6 
SQUID magnetometer [90A1] 

M(T= 0) —> q>: Eq. 3.55 (M s = M 0 = 5 |i B ); H D : Eq. 3.54 
[90A1] 

[81S4, 83G1], AFMR (v= 37.0, 87.4 GHz) 
transition 6 Ai g —> 4 A [g ( 4 G), 4 E g ( 4 G) [78K5] 
comp, of exp. data with calc, lineshape [95T2] 










Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

(C 5 H u NH 3 ) 2 MnCl 4 

only few and incomplete data on magnetic properties 

[95F1] 

(C 7 H 15 NH 3 ) 2 MnCl 4 

only few and incomplete data on magnetic properties 

[95F1] 

(C 9 H 19 NH3)2MnCl4 

only few and incomplete data on magnetic properties 

[95F1] 

(Ci 5 H 3 iNH 3 ) 2 MnCl4 

only few and incomplete data on magnetic properties 

[74G3] 

(4-FC 6 H 4 NH 3 ) 2 MnCl 4 

only few and incomplete data on magnetic properties 

[79B4], 4-FC 6 H 4 NF[ 3 = 4-fluoroanilinium 

(4-ClC 6 H 4 NH 3 ) 2 MnCl 4 

only few and incomplete data on magnetic properties 

[79B4, 93M1], 4-ClC 6 H 4 NH 3 = 4-chloroanilinium 

(4-BrC 6 H 4 NH 3 ) 2 MnCl 4 

only few and incomplete data on magnetic properties 

[79B4], 4-BrC 6 Fl 4 NFl 3 = 4-bromoaniiinium 

(C 2 H 5 NH 3 ) 2 MnBr 4 

only few and incomplete data on magnetic properties 

[73W4, 75R4] 

(C 3 H 7 NH 3 ) 2 MnBr 4 

only few and incomplete data on magnetic properties 

[73W4, 79G6] 

(CH 3 NH 3 ) 2 FeCl 4 

Antiferromagnet, M sub | ± c (spin canting, weak fm.: M || c) 

details see [83N4]; weak fm. due to DMI (Eq. 3.52) 

1) meas. X 

X(T) [78 K < T< 215 K] 

[80M4], see also [77M2, 83N4] 


sharp peak at r N = 95 K resulting from weak fm. 

spin canting, weak fm. due to DMI (Eqs. 3.52, 3.53) 

2) meas. M 

weak fm. M(7) due to spin canting [4 K < T< 160 K], 

M || c,M(T=0) = 0.08 |i B -><?>= 1.1° 


[83N4]: M(T= 0) —> (p: Eq. 3.55; 

. M s «M 0 (cf. Eq. 3.18) 

3) Mossbauer study 

hyperfine field i/ hf (7)/i/ hf (0) = M su bl( 7 V M subl(0) 
spin-w. th. fitted to M(T): J=-8(l) K =-5.6(7) cm 4 , 
g\i B H A = 14.0 K = 9.7 cm l ,g[l B H A = 12.8 K= 8.9 cm 1 


77K8] (exp. data) 

[78L3]; renorm, spin-w. th., modfied model with 

= D (S ~ \) and staggered gg B H A (Eq. 3.37a) 

(C 2 H 5 NH 3 ) 2 FeCl 4 

Antiferromagnet, M sub | _L c (spin canting, weak fm.: M || c) 

details see [83N4]; weak fm. due to DMI (Eq. 3.52) 

1) Cmagn 

T n = 98.36 K (details see Table 6) 

[84Y1], C p by high resolution ac cal. 

2) meas. X 

X(T) [78 K < T< 380 K] J N = 90 K 


80M4], see also [71M1] 


small peak at 7^ resulting from weak fin. 


83N4] 

3) meas. M 

weak fm. M(7) due to spin canting [4 K < T< 160 K], 

M || c, M(T= 0) = 0.04 p B <p= 0.65° 


[83N4]; M(T= 0) —> (p: Eq. 3.55; 

M s «M 0 (cf. Eq. 3.18) 














Table 5. Data concerning Magnetic Properties (continued) 


Compound 


(C 3 H 7 NH 3 ) 2 FeCl 4 

(C 4 H 9 NH 3 ) 2 FeCl 4 

(C„H 5 CH 2 NH 3 ) 2 FeCl 4 

(4-ClC 6 H 4 NH 3 ) 2 FeCl 4 

(CH 3 NH 3 ) 2 FeCl 3 Br 

(CH 3 NH 3 ) 2 FeCl 2 Br 2 


Characteristic magnetic parameters: 
j, h e, H a , 77 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 

only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 


(CH 3 NH 3 ) 2 CuC1 4 
1) meas. and anal. X 


2) EPR 

3) NMR 


4) FMR 


Ferro magnet, M || a (covert spin canting, c: hard axis) 
Xpowder(T) [13 K < T < 150 K], Z 'ac (T), ^ a ' c (T) at f = 119 Hz 
for H 0 || a, || b, || c [0.3 K < T < 14 K] —> T c = 8.903(2) K 
X(T> 7c): h.t.s. ->J= 13.3(2) cm" 1 = 19.2(3) K 
calc.: /= 19.2 K, S = | -> T® = 5.8 K (T c = 8.9 K) 

X(T, p) [6 K < T< 18 K, 0 <p < 10 9 Pa] -» T c (p) 
g a = g b = 2.169(3), g c = 2.054(2) (v » 35 GHz) 
35 C1 -NMR:/ nmr (7) - M(T) [1.8K<7< 4.2 K], 
exp. data comp, with M(T) calc, by renorm, spin-w. th.: 

J= 18.4 K,/; a = 2.54- 10“ 3 , = 1.8 • 10” 4 , h E = 7.9 ■ 10“ 5 

determination of 7] and T 2 : T ] of 1 H, 7' 2 of 35 C1, 63 Cu 

1.2 GHz < v< 4.0 GHz, H 0 || c, T= 1.3 K; 2 FMR-modes 
observed for Hq || c due to spin canting in adjacent layers 
100 MHz < v < 4.5 GHz, for Hq || a, || b,\\c[\.2<T< 20 K] 
determ, of H C (T) [Hq || c], 77 A (7), H A (7), v gap (7) 

T= 0: 7/^ = H c = 0.148(2)T, 77 A =8.6 mT, V gap = 1.240 GHz 
—> H A = 0.140 T,/ a = 51 mK, J A = 3.1 mK, M 0 = 51.3 mT 


References, remarks 


[71M1, 80M4] 

[80M4] 

[71M1, 73W5] 

[79B4], 4-ClC6H 4 NH 3 = 4-chloroanilinium 
[78S9] 

[77M2] 

details see [72J4, 84S4, 88D3, 89D2]; struct.: P2 4 /bl 1 
• [84S4], see also [69J, 71J2, 72D, 87A4] 

[84S4] ; h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

[72J2]; : Eq. 3.29 

[80M5] 

[69D, 72D, 76Y3, 89D2], see also [67W2] 

[77K9], see also [74K6, 77D4] 

calculation of M(7) with renorm, spin-w. th. derived 
[ in [76T1, 77U] (cf. Eq. 3.74); h A , h A , h' E : Eq. 3.71 
73: [77K5], 7j: [82N3] 

[88D3]; spin canting and afm. component resulting 
. from anisotropic exchange - 77 D (cf. Eq. 3.99) 
[87D1, 88D3, 89D2, 90D3], see also [75R5, 76Y3] 

' [ V FMR : Eqs. 3.105-3.109; H^ : Eq. 3.109a 
j H A , 77 a : Eq. 3.96; M 0 : Eqs. 3.75-3.76 














Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o, M . Z, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

(CH 3 NH 3 ) 2 CuCl 4 (cont.) 

5) parallel pumping 

subthr. p. p. (v = 8.9 GHz) -4 H' E (7) [1.2 K < T< 4.2 K] 

T= 0: H% = 4.15 mT, g a p B H’ f = 6.05 mK, J'= +0.75 mK 

p. p. spectra (8.91 GHz) -+ spin-wave relaxation 

chaos: p. p. experiments {(OpUtt = 9.39 GHz, T= 1.645 K) 
produce chaotic oscillations of the magnon amplitude 


[74Y3, 76Y3], see also [80Y1, 81W6, 82Y1]; 
p. p.: Eqs. 3.116-3.121; CO(q): Eqs. 3.122-3.124 

88Y1] 

[86Y1, 87Y3] 

6) thermal conductivity 

7) optical studies 

exp. study of Mt, H 0 ) [1.5 K < T < 25 K, 0 < H 0 < 6.5 T] 

absorption spectra 8000-25000 cm -1 [4.2 K < T< 300 K] 
and reflectivity 20000-40000 cm -1 at T= 300 K 


77C5, 77L3], see also [69G 1 ]; heat transport by magnons 

[75A3], see also [67W2, 77H1]; 
electronic transitions 

(CD 3 ND 3 ) 2 CuCl 4 

1) meas. and anal. % 

2) el. and quasi-el. n-scatt. 

Ferromagnet, weak afm., preferred spin direction in adjacent 
layers at + 23° from 6-axis in boplane 

Zac ( T ), Zac (7) at/= 20.7 Hz [4 K < T < 20 K] -» T c = 8.84 K 
(7) for H 0 || a, || b, || c -» H A = 90 mT, H A = 3.3 mT 
magn. contribution to (0, 0, 2) Bragg refl.: /magn(7) ~ M 2 (7), 
spin-w. th. fitted to M(T): J = 13.4(3) cm^ 1 = 19.3(5) K 


ietails see [79S2, 83S2]; struct.: A2,/bl 1 

[79S2, 84S4] 

[83S2, 84S4], see also [87 A4]; calc. ofM(7) with renorm, spin-w. 

. th. derived in [76T1, 77U], cf. Eq. 3.71 

(C 2 H 5 NH 3 ) 2 CuC1 4 

1) meas. and anal. % 

Antiferromagnet, M sub | || a (covert spin canting, c: hard axis) 

X (T) [6.5 K < T< 150], #T) for H 0 || a, || b, || c 
[1.2 K < T< 19 K] -4 T n = 10.20(1) K 

X(T> J N ): h.t.s. —> J — 12.9(3) cm" 1 = 18.6(5) K 
calc.: J= 18.6 K, 5 = | 47® = 5.6 K (T N = 10.2 K) 


Ietails see [71J3, 72B5, 72J4, 73B5, 84V1]; struct.: Pbca 
[71J2, 72J4], see also [69J, 72D] 
renom. spin-w. th. for Z(7): see [77T4] 

71J2, 72J4]; h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90NJ 

72J2]; J -> T^ 2) : Eq. 3.29 

2) EPR 

g a = gb = 2.164(3), g c = 2.053(2) ( V = 35 GHz) 

[69D, 72D], see also [67W2, 75R5, 76Y3] 


















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

(C 2 H 5 NH 3 ) 2 CuCl 4 (cont.) 




3) (77 0 , T) phase diagram 

determ. of/7 SF (7); H* M ( T ), 77p M (7), 77£ M (J) 

T= 0: 77e = 80(1) mT, 77 A = 91.8 mT, 77 A = 9(1) mT 
determ, of 77 SF (D, 77 * F (7), 77 £ F (7), 77£ p (7): T= 1 K: 

77 F = 83 mT, 77 A = 158 mT, 77 A = 7.5 mT; 77 D = 11.9 mT 

high pressure exp.: £ ac (p) at 37 Hz [0 <p < 7.5 ■ 10 8 Pa], 

AFMR (9 GHz) [0 <p <4.4 ■ 10 8 Pa], both for //„ || «, || b 


[72J3, 72J4]; meas. of % and differential %= 9M/577; 

. linear spin-w. th. with 77 D = 0 (cf. Eqs. 3.57-3.59, 3.99) 

[72B5, 73B5] ; meas. of X an d torque measurements; 
linear spin-w. th. with 77 D * 0 (cf. Eqs. 3.57-3.60, 3.99) 

[83C3], see also [81P1] 


-> 77 A (p)> 77a (P) [1.4 K], 77 SF (p), 77 * m (p), 77^ M (p) [1.8 K] 

linear spin-w. th. with 77 D « 0 (cf. Eqs. 3.57-3.59, 3.99) 

4) AFMR 

[358 MHz < V< 880 MHz] for77 0 || a, || b at T= 1.2 K 

77g = 77.2 mT, 77 A = 123.2 mT, 77 A = 7.4 mT 


[76T2], see also [76Y3]; linear spin-w. th. with 77 D = 0 
' (Eq. 3.99); V AFMR : see [76T2]; H' E , 77 A , 77 A : Eq. 3.96 


[0 < V < 4 GHz], 77 0 || a, T= 4.2 K: influence of spin canting 

[84V 1 ]; linear spin-w. th. with 77 D = 11.9 mT (Eq. 3.99) 


PM-phase, V= 8.9 GHz [4.2 K < T< 20 K] -> H ksM , H TeSAim 
[0.8 GHz < v< 8 GHz], T= 1.4 K, 77„ || a, || b. 77 AD inch in 

77 a —> AF-phase77 A = 180 mT, PM-phase 77 A = 139 mT 


78R1, 80Y2], see also [73A6, 75R5]; cf. Sect. 3.1.8 

[81C2]; influence of magn. dipolar interactions; linear spin-w.th. 

. with 77 d ^ 0 (Eq. 3.99) and 7/dipolar (Eq. 3.8) 

5) parallel pumping 

subthr. p. p. (v= 8.9 GHz) —> 77 F (7) [1.2 K < T< 4.2 K] 

T= 0: 77 f = 79(2) mT, g a p B 77 F = 114 mK, J' = -14.3 mK 

} 

[74Y3, 76Y3], 77 F see also [72J4, 73B5, 76T2, 81W6] 
p. p.: Eqs. 3.116-3.121; w(q): Eqs. 3.122-3.124 


p. p. at 8.9 GHz: A77 q (7) in PM-phase [1.2 K < T< 2.7 K] 

[80Y2] 


p. p. above threshold: CQ(q = c*) vs. 77 0 || a [0 < 77 0 < 0.15 T] 

[83Y4, 87Y2]; linear spin-w. th. with 77 D ^ 0 


perpendicular pumping: spin-wave instabilities at 77 SF 

[88J1] 

6) NMR 

35 C1-, 63 Cu-NMR:/ nmr (7) - M(T) [1.4 K < T< 4.2 K] 

[77D4], see also [80K3]; calc, with renorm, spin-w. th. 


35 C1-NMR, 77 0 || a, T= 1.75 K:/ NMR -> M subl (T), M subl (T) 

[77K9], see also [80K3]; calc, with renorm, spin-w. th. 

7) thermal conductivity 

exp. study of MT) [1.5 K < T< 20 K] at77 0 = 0 and 6.5 T 

[77C5, 77L3]; heat transport by magnons 

8) optical studies 

absorption 8000-22000 cm" 1 , Faraday rotation 

[77H1], electronic transitions 


















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

(C 3 H 7 NH 3 ) 2 CuC1 4 

Antiferromagnet 



1) meas. and anal. % 

X(T) [6.5 K< T< 150 K] -> 7^ = 7.65 K 

[71J2], see also [69J, 72D] 


X(T> J N ): h.t.s. ->/= 11.1 cm” 1 = 16.0 K 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

2) EPR 

g*=gb = 2.160(3), g c = 2.053(2) (V- 35 GHz) 


72D], see also [76Y3] 

3) parallel pumping 

subthr. p. p. (v= 8.9 GHz) -» H E (7) [1.2 K < T< 4.2 K] 
T=0:H E = 1.6(3) mT, g a \i B H E = 2.3 mK, J'= -0.285 inK 


[76Y3];p.p.: Eqs. 3.116-3.121; 
a(q): Eqs. 3.122-3.124 

4) NMR 

35 C1-NMR:/ nmr (7) ~M(T) [1.8 K < T< 4.2 K], 

[77K9], see also [77D4] 


exp. data comp, with M(T) calc, by renorm, spin-w. th. 

[77T3] 

5) various methods 

H a = 130(7) mT,T7 A = 8(1) mT 

see Tables in [74M2, 75Y, 76B5, 76J1, 77B3] 

(C 4 H 9 NH 3 ) 2 CuCl 4 

Antiferromagnet; spin canting in field-induced PM-phase by 
±17° from «-axis in a6-plane for adjacent layers 

details see [77Y2, 77Y3] 

1) meas. and anal. % 

X(T) [6.5 K <T< 150 K] —> 7^ = 7.33 K 

[71J2], see also [69J] 


X(T> T n ): h.t.s. ->J= 10.7 cnr 1 = 15.4 K 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

2) EPR 

g a = g b = 2.165(3), g c = 2.050(2) (v = 8.9 GHz) 

[76Y3] 

3) parallel pumping 

subthr. p. p. (v= 8.9 GHz) ->H’ E (7) [1.2 K < T< 4.2 K] 

T= 0: H' e = 1.6(3) mT, g a p B H E = 2.3 mK, J'=- 0.285 mK 

/3-dependence of p. p. above threshold and of FMR reveal spin 
canting by + 17° from a-axis in field-induced PM-phase 


[76Y3];p.p.: Eqs. 3.116-3.121; 

CO(q): Eqs. 3.122-3.124 

[77Y2, 77Y3]; /}= X{Hq, a) in ab- plane, a || x-axis 

4) FMR 

v = 8.9 GHz —> H a {T), H a (7) [1.2K<7<4.2 K] 

T= 0: 77 a = 119(4) mT, 77 A = 21.6(15) mT 


J [76Y3]; field-induced PM-phase with M a || M b || T7 0 : 

[ Vpmr see Eqs. 3.105-3.109 

5) NMR 

35 C1-NMR:/ nmr (7) ~M(T) [1.8 K < T< 4.2 K], 
exp. data comp, with M(7) calc, by renorm, spin-w. th.: 

J= 15.8 K, H a = 121 mT, H A = 22 mT, H E = 1.6 mT 


77K9], see also [77D4] 

calculation ofM(7) with renorm, spin-w. th. derived 
in [76T1, 77U] (cf. Eq. 3.74); 77 A , T7 A , H E : Eq. 3.96 















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


(C 5 H n NH3) 2 CuCl4 

1) meas. and anal, x 

2) EPR 

3) FMR 

4) parallel pumping 


Antiferromagnet 

X(T) [6.5 K <T< 150 K] -4 r N = 7.30 K 
X(T> J N ): h.t.s. -iJ= 11.05 cm 1 = 15.9 K 
g a = g b = 2.160(3), g c = 2.054(2) (V = 8.9 GHz) 
v = 8.9 QYlz^>H a (T),H a (T) [1.2 K < J< 4.2 K] 

T=0: H a = 140(4) mT, H A = 10.0(5) mT 

subthr. p. p. (v = 8.9 GHz) -4 H' E (7) [1.2 K < T< 4.2 K] 

T= 0: H' e = 1.5(3) mT, g a p B H' e = 2.15 mK, J'=-0.21 inK 


(C 6 H 13 NH 3 ) 2 CuCl 4 

1) meas. and anal, x 

2) EPR 

3) FMR 

4) parallel pumping 


Antiferromagnet 

X(T) [6.5 K <T< 150 K] -4 T N = 7.75 K 
X(T> T n ): h.t.s. 4 /= 11.9 cm" 1 = 17.1 K 
g a = g b = 2.164(3), g c = 2.052(3) (V = 8.9 GHz) 
v = 8.9 GHz^H a {T),H a {T) [1.2 K < T< 4.2 K] 

T= 0: H a = 155(5) mT, H A = 18.5(10) mT 

subthr. p. p. (v = 8.9 GHz) -4 H' E (7) [1.2 K <T< 4.2 K] 

T= 0: H'e = 1.0(3) mT, g a |r B H' e =1.5 mK, J'= -0.19 mK 


(C 10 H 21 NH 3 ) 2 CuC1 4 

1) meas. and anal, x 

2) NMR 


Ferromagnet 

X(T) [6.5 K <T< 150 K] -4 T c = 7.91 K 
X(T> T c ): h.t.s. —> J= 12.4 cm” 1 = 17.9 K 
35 C1 -NMR:/ nmr (7) - M(T) [1.8 K < T< 4.2 K], 
exp. data comp, with M(T) calc, by renorm, spin-w. th.: 
J= 16.0 K,/? A = 3.7- 10“ 3 , h A = 6 ■ 10“ 5 , h E = 2 ■ 10“ 6 


References, remarks 


[71J2], see also [69J] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

[76Y3] 

[76Y3]; field-induced PM-phase with M a || M b || H 0 : 
Vpmr see Eqs. 3.105-3.109 

| [76Y3];p.p.: Eqs. 3.116-3.121; 

. 1 (0{q)\ Eqs. 3.122-3.124 


[71J2], see also [69J] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

[76Y3] 

j [76Y3]; field-induced PM-phase with M a || M b [| Hq\ 

1 v FMR see Eqs. 3.105-3.109 
J [76Y3];p.p.: Eqs. 3.116-3.121; 

. 1 (0{q)\ Eqs. 3.122-3.124 

/> 0, see [72J4] 

[71J2] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

[77D4] 

| renonn. spin-w. th. of [77D4]; h A , h A , /jg : Eq. 3.71 
j alternative values h A , h A , h E : see [74M2, 75Y, 76B5] 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

(C 2 H 4 OH-NH 3 ) 2 Cua 4 

only few and incomplete data on magnetic properties 

[87L1], CjH^OH-NH:) = ethanolammonium 

[C 6 H 5 NH 3 ] 2 CuC1 4 

only few and incomplete data on magnetic properties 

[77Z, 82W6] 

[C 6 H 5 (CH 2 )NH 3 ] 2 CuC1 4 

Ferromagnet M || (1, 1,0) (c: hard axis) 

details see [76D2, 80E2, 87K2, 90K2] 

1) EPR 

g a = g b = 2.163(3), g c = 2.046(3) (v = 8.9 GHz) 

[76Y3], see also [76D2] 

2) FMR 

v = 8.9 GHz^77 A (7),77 A (7) [1.2 K < T< 4.2 K] 

T= 0: H a = 145(5) mT, H A = 3.2(2) mT 


[76Y3], see also [76D2, 77D5, 78R2, 80E2]; v FMR : 

Eqs. 3.105-3.109; note. M\\H 0 , (1, 1, 0) = easy axis 

3) parallel pumping 

subthr. p. p. (v= 8.9 GHz) -+7/ F (7) [1.2 K < T< 4.2 K] 
T=0:H' e = 0.8(3) mT, g a p B H' E = 1.2 mK, J'= +0.15 mK 


[76Y3];p.p.: Eqs. 3.116-3.121; 

CO(q): Eqs. 3.122-3.124 

4) NMR 

35 C1-, 63 Cu-NMR:/ nmr (7) - M(T) [1.4 K < T < 4.2 K], 
exp. data comp, with M(T) calc, by renorm, spin-w. th.: 

.]= 16.5 K(77 E = 45.4 T), H A =121 mT,77 A = 2.5mT 


76D2, 77D5, 78R2], see also [80E2] 

renonn. spin-w. th. for calc. M(T) not specified in detail; theory 
also fitted to/ nmr(^o) for/7 0 || (1, 1, 0) 

5) 7)-phase diagram 

* ac (77 int , T) at 30 Hz [4.2 K < T < 30 K, 0 < H mt < 1.5 mT] 
fori/o [| (1, 1, 0), two magn. pt. observed for// int < 0.25 mT; 

77 int = 0: T c j = 7.0 K, T C2 = 5.0 K; H int > 0.25 mT: T c = 7.0 K 


87K2, 90K2], see also [78R2, 84K7J 

at 77 blt = 0.25 mT, Tq\ and Tq 2 merge into one Tq, origin of the 
two magn. pt. not yet clarified 

[C 6 H 5 (CH 2 ) 2 NH 3 ] 2 CuC1 4 

Ferromagnet M || a (c: hard axis) 

details see [76D2, 76Y3]; struct.: presumably Pbca 

1) EPR 

g a = g b = 2.158(3), g c = 2.053(2) (v = 8.9 GHz) 

1 

76Y3] 

2) FMR 

v = 8.9 GHz —» H a (T), H a (7) [1.2K<7<4.2 K] 

T= 0: 77 a = 176(5) mT, H A = 21.8(15) mT 


[76Y3], see also [76D2, 77D5, 78R2, 80E2]; v FMR : 

Eqs. 3.105-3.109; note: M || H 0 

3) parallel pumping 

subthr. p. p. (V= 8.9 GHz) —* 77g (7)[1.2K<7<4.2K] 

T= 0: 77e = 0.6(3) mT, g a p B 77 B = 0.8 mK, J'= +0.1 mK 


[76Y3];p.p.: Eqs. 3.116-3.121; 

C 0{q ): Eqs. 3.122-3.124 

4) NMR 

35 C1-NMR:/ nmr (7) ~M(T) [1.8K<7<4.2 K], T c = 9.2 K, 
exp. data comp, with M(T) calc, by renorm, spin-w. th.: 

/= 18.4 K (77 e = 52.4 T), 77 A = 142.4 mT, 77 A = 20 mT 


76D2, 77D5, 78R2], see also [80E2] 

renonn. spin-w. th. for calc. M(7) not specified in detail; theory 
. also fitted to /nm R (#o) f° r II a 






















Table 5. Data concerning Magnetic Properties (continued) 

Compound Characteristic magnetic parameters: 

j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 


[CgH 5 (CH 2 ) 3 NH 3 ] 2 CuCl 4 only few and incomplete data on magnetic properties 


[COOH(CH 2 )2NH3] 2 CuCl4 
1 ) meas. and anal. x 


2) EPR 

3) meas. M 


Ferromagnet, M || b ( c hard axis, c' _L a, b) 

Zpowder(7) [4 K < f < 105 K] 

X(T> T c ): h.t.s. ->J= 9.7 cm 1 = 13.9 K 

X(T) for H 0 || a, || b, || c' [1.5 K < T< 11.5 K], T c = 6.5(5) K 
— > H A = 95 mT, H a = 20 mT 

ft = 2.171, a = 2.151, ft- = 2.045 (v = 9.36 GHz) 

M(H 0 ) for H 0 || a, || b, || c' [0 < H 0 < 0.45 T] —> J’> 0 


(C 5 H 9 NH 3 ) 2 CuCl 4 


only few and incomplete data on magnetic properties 


(CH 3 NH 3 ) 2 Cu(Cl x Br 1 _ x )4 

1 ) meas. and anal. / 

2) EPR 

3) NMR 

(C 3 H 7 NH3)2CuCl2Br 2 


mixed crystals 0 < x < 1.0 

x = 0: J'< 0, antiferromagnet, c: easy axis, T N = 15.8 K 
x = 0.1: cancellation of J'l 
x = 1: J'> 0, ferromagnet, a: easy axis, Tq = 8.9 K 

X{Hq) [0 < Hq < 1 T] for H 0 || «, || b, || c and various x 
at T= 4.2 K —> T c (x), min. at x = 0.1: T c (0. 1) = 9.6 K 
x = 0.5: ft = g b = 2.122(6), ft = 2.035 (6) 

35 C1-, 63 Cu-, 65 Cu-, 79 Br-, 81 Br-NMR at T= 1.75 K 
—> 0 < x < 0.03: afm. LRO, spins at 31°-27° from c-axis 
0.03 < x < 0.18: oblique phase, spins inclined by 0°-59° 
from ( 1 , 0 , 0 ) towards c-axis 
0.18 < x < 0.97: fin. LRO, spins parallel (1,0, 0) 
only few and incomplete data on magnetic properties 


References, remarks 


[76D2, 77D5, 80E2] 

details see [81W2; Z(c, c' ) = /3-90°; struct.: 112/cl 
[81W2] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

[81W2]; c’l a, b\ Z(c, c') = ^-90° = 1.82° 

H a , H a : Eq. 3.96 

[81W2]; c’.La, b 
[81W2] 

[92L3]; C 5 H 9 NH 3 = cyclopentylammonium 

details see [78K7, 79K7, 80K4, 82K4, 83K5] 

see [80K6, 81S5] 

see [78K7, 79K7, 83K5] 

see [72J4, 79S2, 84S4, 88D3, 89D2] 

• [80K4, 80K5], see also [78K7] 

[72D] 

[81K8, 82K4, 83K5], see also [79K7, 81K7, 83K6, 83K7] 


[72D, 77Z] 









Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

(CH 3 NH 3 ) 2 CiiBr 4 

Four-sublattice antiferromagnet with hidden spin canting 

details see [80K6, 81S5] 

1 ) meas. and anal % 

Zac, powderCD at 80 Hz [1.2 K < T< 21 K] —» T N = 15.8 K 


80K6] 


Xac( H o) at 80 Hz for H 0 || a, || b, || c [0<H a < 0.8 T] 

—> no weak ferromagnetism; c: easy axis, a: hard axis 


[80K6]; T= 4.2 K, H 0 || c: Zac(#o) exhibits at 0.52 T 
an anomaly probably due to a flop-like transition 

2) EPR 

ga = 8b = 2.09(1), g c = 2.05(1) 


80K6] 

3) various methods 

J N = 15.78 K ,J= 14.6 cm -1 = 21.0 K,i/ E = 44.1 T 

1 

see Tables in [76B5, 77B3], see also [74M2]; H' E , H A , H A : Eq. 


H E = 1 . 15 T (J'= 0.20 K), H a = -200 mT, H A = -20 mT 

1 

3.96; H a < 0 andi? A < 0 (cf. Eq. 3.99c) 

4) NMR 

79 Br-, sl Br-NMR —> afm. with 4 sublattices in 4 layers: 


[81S5]; 4 sub lattices in 4 layers because of strong fm. intralayer 


M a , M b , M c , M a inclined by +21°, -21°, +153°, -153°, 


coupling; no fin. moment, hidden spin canting; not determined: 


resp., from the c-axis in the 6c-plane 


chemical and magnetic unit cell 

(C 2 H 5 NH 3 ) 2 CuBr 4 

Antiferromagnet, M sub | || b (spin canting, c: hard axis) 

details see [80K7, 81S5]; struct.: presumably Pbca 

1 ) meas. and anal. % 

X(T) [6.5K<J< 150 K] —> T N = 10.85 K 

X{T> T n ): h.t.s. -+J= 13.2 cm" 1 = 19.0 K 

[71J2], see also [69J] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

2) EPR 

= g'b = 2-153, g c = 2.047 

[73W6] 

3) various methods 

H' e = 185 m T (J'= -33 mK), H A = 183 mT, H A = 40 mT 

see Tables in [76B5, 77B3], see also [74M2, 75Y] 

4) NMR 

79 Br-, 81 Br-NMR: /nmr(^o) ~ M{Hq) for H 0 || c at 1.7 K 
—> canted magn. structure Pb'c'a with (p c = 49.5° at H 0 = 0, 
fit values for H 0 \\c: 2 H' E +H A = 80(5) mT, H 0 = 0.25(2) T 


81S5], see also [77K2, 80K7] 

exp. data fitted by linear spin-w. th. using Eq. 3.99 
' with +H’ E ;H a < 0 (cf. Eq. 3.99b); (p c : Eq. 3.100b 

(C 3 H 7 NH 3 ) 2 CuBr 4 

Antiferromagnet (spin canting, weak ferromagnet) 

details see [77K2]; struct.: Pbca 

1 ) meas. and anal. % 

X(T) [6.5 K <T< 150 K] —> T N = 10.50 K 

X(T> T n ): h.t.s. -+J= 14.8 cm” 1 =21.3 K 

[71J2], see also [69J] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

2) EPR 

ga = 8b = 2-153, g c = 2.047 

[73W6] 

3) various methods 

H' e = 230 m T (J'= -42 mK), H A = 135 mT, H A = 80 mT 

see Tables in [76B5, 77B3], see also [74M2, 75Y] 

4) optical studies 

Faraday effect, polarizing microscope 
—> magn. structure: polytypes Pb'c'a and Pb'ca' 


[77K2] 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

(C 4 H 9 NH3) 2 CuBr4 

only few and incomplete data on magnetic properties 

[71J2, 74M2, 76B5, 77B3] 

(C 5 H n NH 3 ) 2 CuBr 4 

only few and incomplete data on magnetic properties 

[71J2, 74M2, 76B5, 77B3] 

(C 6 H 13 NH 3 ) 2 CuBr 4 

only few and incomplete data on magnetic properties 

[77B3] 

[C 6 H 5 (CH 2 )NH 3 ] 2 CuBr 4 

only few and incomplete data on magnetic properties 

[80E2, 92Z1.92Z2] 

[C 6 H 5 (CH 2 ) 2 NH 3 ] 2 CuBr 4 

only few and incomplete data on magnetic properties 

[92Z2] 

[C 6 H 5 (CH 2 ) 3 NH 3 ] 2 CuBr 4 

only few and incomplete data on magnetic properties 

[92Z2] 

[COOH(CH 2 ) 2 NH 3 ] 2 CuBr 4 

Ferromagnet, M || c (a: hard axis, c'_L a, b) 

details see [83W2]; Z(c, c’) = P~ 90°; struct.:112/cl 

1 ) meas. and anal. % 

Z P owder(7) [4 K < T< 150 K] 

[83W2] 


X(T> T n ): h.t.s. ->J = 14.7 cm- 1 =21.2 K 

X(T) for// 0 || a, ||Z>, || c'; [1.5 K< T< 14 K], T c = 10.0(5) K 
-> H a = -60 mT, 77 A = 30 mT 

1 

i.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

[83W2]; c' 1 a, b\ Z(c, c') = p- 90° = 2.49°; 

H a , H a : Eq. 3.96; H A < 0 and77 A <0 (cf. Eq. 3.99c) 

2) EPR 

g* = gb = 2-098, g c ' = 2.044 

[83W2]; c' .La, b 

3) meas. M 

M(H 0 ) at 4.2 K [H 0 || a, || b, || c'\ 0 < H 0 < 0.5 T] -» J' > 0 

[83W2] 

(C 6 H„NH 3 ) 2 CuBr 4 

d) Diammonium Compounds 

only few and incomplete data on magnetic properties 

with X = Cl . Br 

[92E3]; CgH| ]NH 3 = cyclohexylammonium 

[NH 3 (CH 2 ) 2 NH 3 ]CrCl 4 

only few and incomplete data on magnetic properties 

[78F4] 

[NH 3 (CH 2 ) 3 NH 3 ]CrCl 4 

only few and incomplete data on magnetic properties 

[81B1, 83B3, 86D3, 86D4] 

[NH 3 (CH 2 ) 2 NH 3 ]MnCl 4 

Antiferromagnet, M sub | || c (spin canting, weak fm.: Afic) 

details see [76A1, 81K9]; weak fm. due to DMI 

1) LMB 

An(T) [4 K < T< 290 K], d(An)/dT ~ Cmagn, T N = 54(2) K 

[78K8, 79K8]; sample: [ND 3 (CH 2 ) 2 ND 3 ]MnCl 4 


Cmagn(T > T N ): h.t.s. — > J^- 3.5 cm 1 = -5 K 

h.t.s. for Cmagn: Eq. 4.39; coeff. see [73Y3, 90N] 


A n(H 0 , T) fori/o II c [0 < J<45 K, 0 <H 0 < 10 T] 

[78K8, 79K8]; sample: [ND 3 (CH 2 ) 2 ND 3 ]MnCl 4 


T= 0: H sf = 3.6(2) T — > H A = 87 mT (H E = 74.4 T) 

H S¥ : Eqs. 3.38, 3.39; behaviour at crit. point [76R3] 

2) AFMR 

H 0 = 0, T— 4.2 K: /jVafmr = 3.37 cm" 1 A 4.85 K 

[81S4, 83G1], see also [81K9] 











Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

[NH 3 (CH2)3NH 3 ]MnCl4 

Four-sublattice antiferromagnet, M sub | || (+ sin0, 0, cost?) 
with 0=7°; b: hard axis; spin canting, weak fm.: M || b 


details see [76A1, 76L4, 83S7, 85Z2]; struct.: Pnam 

1 ) meas. and anal. % 

X(T) [50<T<220 K] 

X(T> J N ): h.t.s. J= -3.2 cm' 1 = -4.6 K 

[76L4], see also [75W1] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [70L1, 90N] 


X(T) for // 0 || fl, || b, || c; [4K<T< 100 K, H () = 0.1 T, 1 T] 

—> T n = 43.6 K, c: easy axis, b: hard axis 


[76L4], see also [75W1.88Z1] 

2) meas. M induced by H 0 

M(Hq, T) for H 0 || c [4.2 K < T< 34 K, 0 <H 0 < 1.6 T] 

T= 0, H sf = 2.45 T —> H a = 44 mT (H E = 68.5 T) 

[76L4, 77B6] 

H se : Eqs. 3.38, 3.39; behaviour at crit. point [76R3] 

3) AFMR 

4 sublattices: 2 ordinary AFMR and 2 exchange modes 

H 0 = 0, T= 4.2 K: V AFMRJ = 74.5 GHz, V AFMRi2 = 77.5 GHz 
V AFMR,3 = 122.9 GHz, V AFMR4 = 125.7 GHz 


f [83S7, 85Z2]: AFMR under various conditions 
j ( Hq || b, Hq || c); spins inclined by 0 = ± 7° from c-axis 
[ in flc-plane and canted by = 0.07° towards 6-axis 


—> (H e = 68.5 T), H m = 54 m T, H A2 = 9 mT, H A3 = 34 mT 

H' e = 46 mT,// D1 = 0.17 T, H d2 = 0.13 T 


[85Z2], see also [86K6]; linear spin-w. calc, for a four-sublattice 
afm. with definitions of the parameters 

[NH 3 (CH 2 ) 4 NH 3 ]MnCl 4 

Four-sublattice antiferromagnet, M subl || (± sin0, 0, cos0) 
with 0 = 16°; spin canting, weak fm. 


details see [88S5]; spin canting due to DMI (see 

Eq. 3.52); struct.: P2!/bll 

1 ) meas. %andM 

X\\(T), Xi(T) [4 K < T < 200 K], M(H 0 ) induced by H 0 || c 
[0 <H 0 < 3.5 T] —> H se = 3.3(2) T at 1.6 K 


[76A1] 

2 ) meas. sound velocity 

anomaly in v s (T) [4 K < T< 20 K] -4 T N = 42.6(3) K 


88 Z1] 

3) AFMR 

4 sublattices: 2 ordinary AFMR and 2 exchange modes 

H 0 = 0,T= 4.2 K: V AFMRa _ 2 = 92.1 GHz 

V AFMR,3^1 = 96.0 GHz 

) 

f AFMR under various conditions [81S4, 83G1, 88S5]; 
j observed: one ordinary AFMR mode and one much weaker 
[ exchange mode, both doubly degenerate 


V AFMR, 1-2 _V AFMR,3-4 = faH E H E -)H E = 3.3 mT 

[88S5]; linear spin-w. th. for 4 sublattices [85Z2, 86K6] 

[NH 3 (CH 2 ) 5 NH 3 ]MnCl 4 

only few and incomplete data on magnetic properties 

[81S4, 88Z1] 

[NH 3 (CH 2 ) 2 NH 3 ]FeCl 4 

only few and incomplete data on magnetic properties 

[82M2, 83S9] 

[NH 3 (CH 2 ) 3 NH 3 ]F eCl 4 

only few and incomplete data on magnetic properties 

[75W1, 82M2, 83S9] 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

[NH 3 (CH2)4NH 3 ]FeCl4 

only few and incomplete data on magnetic properties 

[83S9] 

[NH 3 (CH 2 ) 5 NH 3 ]FeCl 4 

only few and incomplete data on magnetic properties 

[83S9] 

[NH 3 (CH 2 ) 6 NH 3 ]FeCl 4 

only few and incomplete data on magnetic properties 

[82M2, 83S8, 95M1] 

[NH 3 (CH 2 ) 7 NH 3 ]FeCl 4 

only few and incomplete data on magnetic properties 

[83S9] 

[NH 3 (CH 2 ) 3 NH 3 ]FeCl 2 Br 2 

only few and incomplete data on magnetic properties 

[81M5] 

[NH 3 (CH 2 ) 6 NH 3 ]FeCl 2 Br 2 

only few and incomplete data on magnetic properties 

[81M5] 

[NH 3 (CH 2 ) 2 NH 3 ]NiCl 4 

only few and incomplete data on magnetic properties 

[78S3] 

[NH 3 (CH 2 ) 2 NH 3 ]CuC1 4 

Antiferromagnet, M sub | || b (c: hard axis, | J'! J\ = 0.60) 

details see [77K4, 78A4, 79K8, 79S5]; struct.: P12j/al 

1 ) meas. and anal. % 

X(H 0 , T) for H 0 || a, || b, || c; [4 K < T< 300 K, 0 <H 0 < 2.2 T] 

—> r N = 31.5(1) K, b: easy axis, H s F = 0.85(5) T 

X(T> 7^): h.t.s. for intralayer and interlayer exchange: 

J= 16.0(3) cm ” 1 = 23.0(5) K, /'=-9.5(3) cm ' 1 = -13.7(5) K 


[79S5], see also [77K4, 81S6, 83K8, 84R6] 

h.t.s.: see [66D2], a series expansion up to 5 th 
. order in (J/k B T) and ( J'/k B T) 

2) meas. M induced by H 0 

M(H 0 ) for H q || a, || b, || c; [0 < H 0 < 2.0 T] 

M(H 0 , T) for H 0 || b [1.5 K < T< 35 K, 0 <H 0 < 2.0 T] 

H S¥ = 0.88 T at 1.5 K, = 56.8 T, H p M = 60.0 T: 

H' e = 28.6(6) T (J'= -20.8 K), H A = 0.2(6) T, H A = 13.3(3) mT 


' [77K4]; sample: [ND 3 (CH 2 )2ND 3 ]CuC1 4 
. M(H 0 , T)->H b , H a , H a : see [77K4, 79K8] 
f H' e , H a , H a : Eq. 3.96 (note: z' = 2); H SF , 7/p M , , 

| 7/p M : Eqs. 3.57-3.59 with a b (b: easy axis!) 

3) EPR 

g a = g b = 2.164,g c = 2.051 

[83K8], see also [77K4, 79K8, 81S6, 82K5] 

4) parallel pumping 

chaos: a microwave instability with 1 pW holding power 

[82B3]; low threshold level, strong anisotropy 


chaos: delayed transient absorption at the threshold 

[86F3] 


chaos: self-oscillations in the absorption above threshold 

[88W3, 88W4]; nonlinear AFMR 


hyperchaotic behaviour in nonlinear AFMR 


92M3] 

5) optical studies 

reflectivity 16000-97000 cm ” 1 (2.0-12.0 eV) at 300 K, 
optical absorption 6500-24000 cm " 1 at 4.6 K, 300 K 


[77K3, 79K8]; electronic transitions, T-dependence 
of absorption edge (hv ~ 2.4 e.V) 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

[NH 3 (CH2)3NH 3 ]CuCl4 

Antiferromagnet, M sub | || b (c: hard axis, | J'/J\ = 0.10) 

details see [79K8]; struct.: Pnam 

1 ) meas. and anal x 

X(T) [20 K < T < 250 K] 

[79K8], see also [76P1.84R6] 


T> T u : h.t.s. -> J= 11.5(10) cm" 1 = 16.5(15) K, H E = 45.3 T 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 


X(T) for H n || a, || b, || c; [4 K < T< 100 K] 


[79K8]; also measured M(H a ) at 4.2 K for 


—> = 14.9(3) K, b: easy axis, c: hard axis 


H 0 \\a,\\b, || c [0 < E7 0 - 5 T] 


X(T> J N ): h.t.s. for intralayer and interlayer exchange: 


[81S6]; reanalysis of the exp. data of [76P1]; h.t.s.: see [66D2], 


J = 13.9 cm 1 = 20.0 K, J'= -1.4 cm 1 = -2.0 K 


up to 5 th order in (J/k B T) and ( J'/k B T) 

2) EPR 

£a = Sb = 2 - 1 69, g c = 2.055 

[82K5], see also [77S6] 

3) (H 0 , T) phase diagram 

LMB: A n(H 0 , 7) [1.8 K < T < 14.8, 0 < H 0 < 5 T] 

1 

79K8] 


T = 0: H sf = 0.28 T, H* M » H* ?u = 4.6 T, H( m = 5.0 T, 


H’ e , H a , H a : Eq. 3.96 (note: z'= 2); H SF , H(, M , H* M , H c pM : 


H' e = 2.27 (10) T (J' = -1.65 K), H A = 0.44(5) T, H A = 17(2) mT 


. Eqs. 3.57-3.59 with a <-> b (c: easy axis!) 

4) optical studies 

T-dependence of absorption edge (hv ~ 2.7 eV) 

[79K8] 

[NH 3 (CH 2 ) 4 NH 3 ]CuCl 4 

Antiferromagnet, M sub | || b (c: hard axis, | /7/| = 0.012) 

details see [81S7]; struct.: P12j/al 

1) meas. and anal % 

Z P owder(7) [4.2 K < T< 130 K] -4 J N = 8.85 K 

[81S7], see also [81S6] 


r>r N : h.t.s. -+J= 9.0(1) cm 1 = 13.0(2) K,// E = 35.7T 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

2) EPR 

g a = g b = 2.167, g c = 2.047 

[81S7, 82K5] 

3) ( H 0 , T) phase diagram 

meas. M(H 0 , T) [4 K < T < 9 K, 0 < H 0 < 0.4 T] 

M for Hq || a, || b , || c [81S7], see also [81S6] 


T= 0: H sf = 97(4) mT, = 0.44(1) T,77p M = 0.46(1) T, 


H'e , H a , H a : Eq. 3.96 (note: z = 2 for diammonium 


0.64(2) T —> H e = 0.22(1) T (/ y =-0.16 K), 


compounds); H SF , H pu , H pu , //p M : Eqs. 3.57-3.59 


H a = 0.165 T, H a = 10(8) mT 


with a b (b: easy axis!) 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


[NH 3 (CH 2 ) 5 NH 3 ]CuCl 4 

1 ) meas. and anal x 

2) meas. X and M(H 0 ) 


Antiferromagnet, M subl || b ( c : hard axis, | J'/J\ = 0.003) 

X(T) [20 K < T < 250 K] 

X(T> T n ): h.t.s. 9.8(1) cm' 1 = 14.1(2) K 

X(T) [1.5 < T < 15 K], M(H 0 ) at T= 1.6 K 


3) optical studies 


[0 <H 0 < 0.5 T], both for H 0 || a, || Z>, || c: 

T n = 7.6(2) K, H sf = 18(3) mT, H' E = 54(5) mT 
( J'= -0.04 K), H a = 0.14(5) T, H A = 3.1(10) mT 
T-dependence of absorption edge ( hv ~ 2.4 eV) 


[NH 3 (CH 2 ) 6 NH 3 ]CuC1 4 

[NH 3 (CH 2 ) 7 NH 3 ]CuC1 4 

[NH 3 (CH 2 ) 8 NH 3 ]CuC1 4 

[NH 3 (CH 2 ) 9 NH 3 ]CuC1 4 

[NH 3 (CH 2 ) 10 NH 3 ]CuC1 4 

[NH 3 (CH 2 ) 2 NH 3 ]CuCl 2 Br 2 


only few and incomplete 
only few and incomplete 
only few and incomplete 
only few and incomplete 
only few and incomplete 
only few and incomplete 


data on magnetic properties 
data on magnetic properties 
data on magnetic properties 
data on magnetic properties 
data on magnetic properties 
data on magnetic properties 


C 5 N 2 H 8 CuC1 4 

1) meas. X an d M(H 0 ) 

2) EPR 

[NH 3 (CH 2 ) 2 NH 3 ]CuBr 4 

1) EPR 

2 ) meas. and anal, x 


Antiferromagnet (| J'/J | = 0.8) 

exp. data analysed by series expansions 

->/= 10(1) cm -1 = 14(2) K, J'= -8(1) cm" 1 =-11(2) K 

ga = gb = 2-160, g c = 2.052 

Four-sublattice afm. with hidden spin canting (| J'/J \ =1.8) 
g a = g b = 2.097, g c = 2.049 


Z P owder(7) [50 K <T< 220 K] ^ T N = 58 K 

X(T> r N ): h.t.s. for intralayer and interlayer exchange: 

J= 26.5 cm’ 1 = 38.2 K, /'=-47.5 cm' 1 = -68.4 K 


References, remarks 


details see [79K8]; struct.: P12i/nl 

[79K8], see also [81S6, 84R6] 

h.t.s.: Eqs. 3.26, 3.27; coeff. see [67B2, 90N] 

■ [79K8, see also [81S6, 84R6] 

H' e , H a , H a : Eq. 3.96 (note: z = 2 for diammonium comp.); 

. H 5¥ : Eqs. 3.57 with a b (b: easy axis!) 

[79K8] 

[84R6] 

[84R6] 

[84R6] 

[84R6] 

[84R6] 

[84R6] 

C 5 N 2 H 8 = 3-ammoniumpyridinium 

2D series expansion for the Eleisenberg model with appropriate 
mean field corrections [94S3] 

[88W1 ] 

details see [85R2]; struct.: P 12 3 /al 
[83K8] 

[84R6]; T N sample-dependent, probably impurities 

h.t.s.: see [66D2], a series expansion up to 5 th order in ( J/k B T) and 
1 T) 















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


[NH 3 (CH 2 ) 2 NH 3 ]CuBr 4 (cont.) 
3) AFMR 


resonance exp. at 3.8 K under various conditions 
—> H a = 22 mT, H A = 1.7 mT 


[NH3(CH2)3NH 3 ]CuBr4 

1) EPR 

2 ) meas. and anal. / 

[NH 3 (CH 2 ) 4 NH 3 ]CuBr 4 

1) EPR 

2 ) meas. and anal. % 

[NH 3 (CH 2 ) 5 NH 3 ]CiiBr 4 

[NH3(CH2) 6 NH 3 ]CuBr4 

[NH3(CH2) 7 NH 3 ]CuBr4 

[NH 3 (CH 2 ) 8 NH 3 ]CuBr 4 

[NH 3 (CH2)9NH 3 ]CuBr4 

[NH3(CH 2 )ioNH3]CuBr 4 


Antiferromagnet (| J'tJ | = 1.0) 
g a = g b = 2.094, g c = 2.046 

Zpowder(7) [30 K < T< 240 K] T N = 40(1) K 
X(T> 7fg): h.t.s. for intralayer and interlayer exchange: 

J= 18.1(7) cm" 1 = 26(1) K, J' ==*18.1(7) cm 1 =-26(1) K 

Antiferromagnet (| J'tJ | = 0.17) 
ga = gb = 2.097, g c = 2.048 

Zpowder(7) [6.5 K < T< 150 K] -» T N = 19(1) K 
X(T> ?n): h.t.s. for intralayer and interlayer exchange: 

J= 20.2(7) cm’ 1 = 29(1) K, J'= -3.5(7) cm- 1 = -5(1) K 

only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 
only few and incomplete data on magnetic properties 


C 5 N 2 H 8 CuBr 4 
meas. X an d M(H 0 ) 


Antiferromagnet (| J'tJ | = 2.6) 

exp. data analysed by series expansions 

J= 14(2) cm 1 = 20(3) K, J'= -36(5) cm - 1 = -52(7) K 


References, remarks 


[85R2]; AFMR results indicate a four-sublattice afm. with hidden 
. spin canting 

details see [82S5, 84R6]; struct.: P12j/al 
[83K8], see also [73W6] 

[82S5], see also [83K8, 84R6] 

h.t.s.: see [66D2], a series expansion up to 5 th order in ( J/k B T) and 
. I V'/k B T) 

details see [82S5, 84R6]; struct.: P12j/al 
[83K8] 

82S5], see also [83K8, 84R6] 

h.t.s.: see [66D2], a series expansion up to 5 th order in ( J/k B T) and 
. 1 (J7k B T) 

[84R6] 

[84R6] 

[84R6] 

[84R6] 

[84R6, 90Z2] 

[84R6] 

C 5 N 2 H 8 = 3-ammoniumpyridinium 

2D series expansion for the Heisenberg model with appropriate 
mean field corrections [94S3] 

















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


e) diluted magnets 


Rb 2 Cr x Mgj_ x Cl 4 

el. + quasi-el. n-scatt. 


x > x p : Ferromagnet, Ml c (magn. order see Fig. 3.34) 
x = 0.89: magn. contribution to (0,0,4) Bragg refl.: 

7(7) ~ M\T) -» T c = 42 K 


Rb 2 Cr x Cd!_ x Cl 4 
meas. M 


x > x p : Ferromagnet, Jlfl c (magn. order see Fig. 3.34) 
r c (x) for various x: see Fig. 1 of [82K6] 


K 2 IMn x Mg lx F 4 

1) magn. meas. 

2) meas. M induced by 77 0 

3) 19 F-NMR 

4) AFMR 


x > x p : Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
7’ n (x)/7’ n (1) for various x: see Fig. 3.48; 7 g = 3.0(7) 
x = 0.93: 77 sf = 4.5(2) T; x = 0.74: 77 SF = 1.5(5) T 
x = 0.978: J = -2.85(2) cm - 1 = -4.105(25) K 
x = 0.978, T=0,H 0 = 0: hv AFMR = 4.75(3) cm- 1 = 6.83(5) K 


K 2 Mn x Zn j_ x F 4 

1) 19 f-nmr 

2) AFMR 


x > x p : Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
x = 0.996: J= -2.88(2) cm" 1 =—4.150(25) K 
x = 0.996, T= 0, 77 0 = 0: hVpj MR = 5.05(3) cm- 1 = 7.27(5) K 


Rb 2 Mn x Mgj_ x F 4 

1) el. + quasi-el. n-scatt. 

2) inel. n-scatt. 


x > x p : Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
x = 0.70: J N = 14.2(3) K (details see Table 6) 
x = 0.54, 0.57: tico for K =(0.5,0, 2.9) at 1.22 K 
structures in 7(g) peaking at Ising cluster energies E n which are 
absent in pure Rb 2 MnF 4 (cf. Figs. 3.54, 3.55) 


(C 3 H 7 NH 3 ) 2 M ni _ x Zn x Cl 4 

meas. Zac 


(1—x) > x p : Antiferromagnet, M sub | || c (spin canting, weak fm.) 
0.001 < x < 0.05: Tjvj = 39.2 K, independent of these small x 


References, remarks 


[86D4, 86F1] 


Tq = steepest descent ofthecurveM(7) 


[70B5]; r N (l) = 45.0 K; 7 g : Eqs. 3.128, 3.129 
[73B6] 

[80L4, 80L5]; F,:/ NMR (7) ~M subl (7) ^ J(Eqs. 3.15, 3.18) 
[80L4, 80L5] 


[80L4, 80L5]; F i: / nmr ( 7) ~M subl (7) -> J(Eqs. 3.15, 3.18) 
[80L4, 80L5] 


[93C2] 

[77C3] 

E n calculated for n = 2, 3, 4 with Eq. 3.140 , using 
7 = -2.641 cm - 1 = -79.19 GHz [77C3] 


[96S1]; see also Table 6 










Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Rb 2 Mn x Cdj_jCl 4 

1) meas. and anal, of % 

2) AFMR 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


x > x p : Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
x = 0.90: H e = 93.15 T x = 0.80: H E = 68.34 T 
x = 0.70: H e = 31.2 T 

Vafmr (#o) fori/o II c at 4.2 K 


x — 0.91: 1 — 1H8 GHz, v AFA [ R , 2 — 112 GHz, 

H 5F = 4.05(10) T, r N = 47(3) K 
x = 0.90: V AFMR = 102 GHz, H SF = 3.64 T, 

H a = 0.0721 T, 7 N = 43(2)K 


x — 0.80: Vafmr, 1 — 02 GHz. v afmr, 2 “ 24 GHz, 
H 5F = 2.40(10) T, r N = 31(2) K 
x = 0.80: Vaf MR = 57 GHz, H$ F = 2.04 T, 

H a = 0.030 T, T N = 26(1)K 


x = 0.74: V AFMR = 50.7 GHz, H SF = 1.81(20) T, 
T n = 26(2) K 


x = 0.70: V AFMR = 35.8 GHz. H SF = 1.28 T, 
H a = 0.026 T, T n = 15(1) T 


(C 3 H 7 NHj) 2 Mnj_ x Cd X C1 4 

meas. Xac 


(1—x) > x p : Antiferromagnet, M subl || c (spin canting, weak fm. 
0.001 < x < 0.05: Tjvj = 39.2 K, independent of these small x 


K 2 Fe x Znt_ x F 4 

1) Mossbauer study 

2) Mossbauer study and 
n-diffraction 


x > x p : Antiferromagnet, M sub | ± c (magn. order see Fig. 2.6) 
r N (x)/T N (l) for various x: see Fig. 4 of [85D1], 7 g = 2.4(2) 
x = 0.74: afm. Bragg refl. (1,0,0): I(T) ~ M s 2 ubI (7) (3D order 
parameter), H FF ~ local staggered magnetization 
T—>0,H 0 = 0: v AFMR = 15(2) cm -1 = 22(3) K 


References, remarks 


' [84E, 84P]; H E detennined from static ^ at 6 K 

(40-140 GHz) [84E, 84P], (10-180 GHz) [87G3, 89B4] 
' [87G3, 89B4]; v AFMR for H 0 = 0 at 4.2 K; 

. . v AFMr(2) —> T n 

' [84E, 84P]; v AFMR for H 0 = 0 at 4.2 K; 

[ EPR: H res (T) > J N ; H 5F -A H A : Eq. 3.39 
' [87G3, 89B4]; v AFM r for H 0 = 0 at 4.2 K; 

. . v AFMr(2) T n 

[84E, 84P] ; vafmr for 7 /q = 0 at 4.2 K; 

. 1 EPR: H tes (T) > J N ; H sr -» H A . Eq. 3.39 
' J [87G3, 89B4]; V AFMR for H 0 = 0 at 4.2 K; 

. . v AFMr(2) T n 

' [84E, 84P]; v AFMR for H 0 = 0 at 4.2 K; 

. EPR: H res (T) > J N ; H 5F -A H A : Eq. 3.39 


[96S1]; see also Table 6 


T N (1) = 63.0(3) K; I g : Eqs. 3.128, 3.129 

[85D1, 86D5]; between T N = 22 K (cf. Table 6) and 7= 11 K: local 
magnetization (~ H FF ) larger than 3D order parameter ^I( 1,0,0) , see 
Fig. 3.52 
























Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

K 2 Co x Mgj_ x F 4 

x > x p : Antiferromagnet, M subl || c (magn. order see Fig. 2.2) 


magn. meas. 

r N (x)/r N (l) for various x: see Fig. 3.48,7 g = 1.6(1) 

X±(T— >0) for various x: see Table II of [73B6] 

[70B5]; J N (1) = 108 K; 7 g : Eqs. 3.128, 3.129 

Rb 2 Co x M gl _ x F 4 

x > x p : Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 


1) el. + quasi-el. n-scatt. 

T n (x) for various x: see Table 6, Ig = 1.95(5) 


78S4, 7911, 8112, 83B4]; 7 g : Eqs. 3.128, 3.129 

2) inel. n-scatt. 

x = 0.575: tico for K = (1 - £ x , 0,4.23) [^ x = 0, 0.25, 0.5] at 

6.5 K —> Ising cluster excitations for n = 1, 2, 3, 4 (cf. Fig. 3.56) 


[80C1], see also [7913]; the Ising cluster modes are almost 
. dispersionless 


Solid curves in Fig. 3.56 not calculated with Eq. 3.141 but are 
the result of a computer simulation with 7j| = —1.813 THz = 

87.0 K and a= 0.00137 THz” 2 


at q x = 0.5 the frequencies are for n = 1,2, 3, 4: 

' (exp.) 1.8(1), 3.4(1), 5.0(1), 6.5(1) THz, 

. (theory) 1.62, 3.36, 5.05, 6.50 THz, resp. 


x = 0.70: tuo'm magn. field 7/ 0 = 0 and 77g = 6.5 T at 5.0 K, 

77 0 1| c and K = (1, 2, 0), 77 0 ± c and K = (0.5, 0, 3.2) 


[83B4]; Ising cluster excitations, Zeeman shift observed only for 
. 77o || c, not for 77 0 ± c 

3) pulsed n-scatt. 

x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.58: Tm integrated over several 
scattering angles, intracluster excitations from pairs and trimers 
of Co 2+ -ions and also Ising cluster excitations 


[9212, 9414] 


x = 0.60, 0.70: Tim integrated over the range 10° - 30° of 
scattering angles, Ising cluster excitations observed for 

1.56 K < T< 100 K (x = 0.60) and 10 K < T< 100 K (x = 0.70) 


[ [9512,9612]; 

l x = 0.60: 7 N = 20 K, i.e. 7’= 100 K = 5 7 N 
[ x = 0.70: 7 N = 45 K, i.e. T= 100 K = 2.2 7 N 

K 2 Co x Zri|_ x F 4 

x > x p : Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 


NMR 

x = 0.83: 19 F r NMR — > 3/nmr(^) ( c f- Fig- 3.51) corresponding 
to clusters of Co 2+ -ions with n = 2, 3, 4 nearest Co 2+ -neighbours 
as indicated in Fig. 3.51 


[8502];/^^- local magnetization; theoretical calc.(Ising cluster 
■ model: Eq. 3.136) with J V c = “72.3 K and/ = -95(5), -91(3), 

-90(3) K for n = 2, 3, 4, resp. 

K 2 Ni x Z n r_ x F 4 

x > x p : Antiferromagnet, M sub( || c (magn. order see Fig. 2.2) 


1) el. + quasi-el. n-scatt. 

x = 0.75, 0.85, 0.96: J N = 62, 77, 92 K, resp., details: Table 6 


84D2, 85D2] 

2) NMR 

x = 0.85, 0.96: 19 F r NMR —» 3 /nmr(F) corresponding to 
Ni 2+ -ions surrounded by n = 2, 3, 4 nearest Ni 2+ -neighbours 


[85D2];/N]yL R ~ local magnetization; theoretical calculations (Ising 
cluster model: Eq. 3.136) 




















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 

References, remarks 


j, h e, Ha, h o , M . X, 8 » T o t n etc. 

[definitions see Table 1, units are given below] 



K 2 Cu s Zn|_ x F 4 

x > x p : Antiferromagnet, M subl _L c (magn. order see Fig. 3.27) 



1) magn. meas. 

r c (x)/r c (l): see Fig. 2 of [8002], 7 g = 3.0 

see also [80H10]; 7 C (1) = 6.25 K; 7 g : Eqs. 3.128, 3.129 

2) Cmagn 

Cmagn measured for x = 0.36, x p = 0.59, 0.68, 0.80, 1.00; 


[81T2]; x = x p : model for ID Heisenberg fin.; x = 1: model for 2D 


presented as C magn /CK • x) in Fig. 3.49 


Heisenberg fin. (cf. Sect. 3.3.2) 

3) meas. and anal./ 

x = 0.40, 0.50, 0.60, 0.68: / (7) for (0 < T< 25 K), 


[8003]; exp. data for x = x p fit well to the theoretical model for an 


presented as X~ l (T) and i 0 log/versus i 0 log7 


1D Heisenberg fin. 

4) inel. n-scatt. 

x = 0.78: (O(q) for q = (£, 0) at T= 2 K, magnon lineshapes 


[78W1]; exp. data compared to theoretical calculations; some 


without Ising cluster structures 


additional data available for x = 0.92 

5) FMR 

x = 0.95, 9 GHz, T= 1.2 K: 77 res (/]) and A77 FMR (/]) 

[89 A2]; 77o ± c, (5 = a), a || x-axis 

6) LMB, Faraday rotation 

x = 0.94, 0.90: study of ferromagnetic stripe domains 

[87M1]; x-dependence of dimensions of stripe domains 

f) mixed magnets 




Uh 2 V x Cr lx C ] 4 

Mixed magnetic system 



1) el. + quasi-el. n-scatt. 

x = 0.03: magn. contribution to (0,0,4) Bragg refl.: 

I(T) ~ M\T) ~^T c = 49.3 K 


[86D4, 86F1] 

2) optical studies 

x = 0.03: A'-Cr = ^-4 cm 1 = -6.3 K 

[86D4, 86F1], impurity-induced magnon sidebands 

Rb 2 Crj_ x Mn x Cl 4 

Mixed system with competing exchange interactions 



1) el. + quasi-el. n-scatt. 

7 c (x), 7 N (x) for various x: see Fig. 4.49 in Sect 4.1.13; 


[84M1, 86N3, 88H4, 88K8, 88S7, 88T2, 89S1, 92S7], see also 

and meas. / 

more details are presented in Table 6 


[81M1, 82K6, 84K8, 86K12, 91S1 ] 

2) el. + inel. n-scatt. 

x = 0.59: rod scan —> k(T), r(T) —> Tf = 11 K 

[86N3, 88S7]; T— > 0 = Tf (spin glass freezing) 

3) meas. and anal. / 

x = 0.60: Xac (?) \f= 20, 200, 500 Hz; 4 K < T< 17 K] 

[83K10, 88K8], see also [82K8]; spin glass behaviour 


x = 0.17, 0.36, 0.39, 0.50: * ac (7) [f= 20 Hz; 4 K < T< 70 K] 

[84K8, 86K10, 88K8]; re-entrant spin glass 

4) meas. M 

x = 0.58: 77o _L c, T = 4.2 K —> M(77q) —» hysteresis 

[82K8]; hysteresis = spin glass behaviour, s. also [82K7] 


x = 0.972, 0.98, 1.00: M(77 0 ) for H 0 \\c [0 < 77 0 < 8 T] at 4.2 K 

[86G3]; x = 0.98, 1.0: steep increase = 77 SF 


x = 0.083, 0.131, 0.306: M(77 0 ) for7/ 0 || c and77_L c 

[86G3], s. also [89S1]; calculation with average model 


[0 < 77 0 < 6 T] at 4.2 K 



















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

Rb 2 Cri_ x Mn x Cl 4 (cont.) 




5) magn. resonance 

x = 0, 0.13, 0.24, 0.37: v FMR for //„ || c , H 0 .L c (/?= 0°, 45°) 


[84G3, 86G2, 91G2], s. also [84T2] ; calculations with average 


at 4.2 K —¥ FMR pattern typical for an easy-plane fm. 


model Eq. 3.151, parameters: [91G2] 


x = 0.59, 0.70, 0.75: V for H 0 \\c, H 0 1 c Q3 = 0°, 45°) at 4.2 K 

[84G3, 86G2, 91G2], see also [82K8, 82K9] 


x = 0.86, 0.90, 0.934: v AFMR for H 0 || c , H 0 1 c(p= 0°, 45°) 


[84G3, 86G2, 91G2]; calculations with average model Eq. 3.151, 


at 4.2 K —> AFMR pattern typical for an easy-plane afm. 


parameters: [91G2] 


x = 0.966, 0.972, 0.980, 1.00: v AFMR for H 0 || c at 4.2 K 


[84G3, 86G2, 91G2], s.also [84K6]; calculations with average model 


—> AFMR pattern typical for an easy-axis afm. 


Eq. 3.151, parameters: [91G2] 

6) optical studies 

x = 0.018, 0.038: J C r-Mn = -l-5 cm" 1 = -2.15 K 

1 

82W8], impurity-induced magnon sidebands 


later corrected: Jcr-Mn =-2.1 cm -1 = -3.0 K 

1 

86D4] 

7) inel. n-scatt. 

x = 0.25, 0.59, 0.70: CO(q) for ( £, £, 0) at 5 K, 13 K (x = 0.25); 


[86S5, 87S2, 88S7, 88S8]; £ = q x /a* = q y /a* ( a* = b *); 


coexistence of spin waves and Ising cluster excitations, see 


calc. Ising cluster energies (Eq. 3.153), parameters: [88S8]; 


Figs. 3.75-3.77 with corresponding neighbour configurations 


. computer simulation: [88C6, 88S9] 

8) NMR 

x = 0, 0.1, 0.2: 35 C1-NMR at 1.7 K -> samples x = 0, 0.1 are fm., 

[86K12] 


sample x = 0.2 in a re-entrant spin glass state 



9) Raman spectr. 

x = 0, 0.01, 0.13, 0.20: 1-magnon line at T~ 8 K 

[84M4]; x = 0: hv max = 168.1 cm" 1 [87A3], cf. Eq.3.90 

Rb 2 Crj_ x Fe x Cl 4 

Mixed magnetic system 



optical studies 

x = 0.05: /c r . Fe = -3.6 cm 1 =-5.2 K 

[86D4, 86F1], impurity-induced magnon sidebands 

K 2 Mn 1 _ x Fe x F 4 

Mixed interferromagnets with competing anisotropies 



1) el. + quasi-el. n-scatt. 

J N (x), J R (x) for various x: see Table 6, different types of 


[77B8, 78B4, 78B10, 78B11, 78L3, 79B2, 86F5] 

and meas. % 

antiferromagnetic ordering: see Fig. 1 of [79B2] 


J R = reorientation temperature 

2) (H 0 , T) phase diagram 

x = 0.022: several magn. phases, phase boundaries meet in a 


[79B2]: n-diffr. with/To || c; [78B4]: meas. M for H 0 || c; [86F5]: 


tetracritical point: H c p = 3.53(3) T, T c P = 35.4(4) K 


values for H c P and T c P 

3) local gap mode 

K 2 FeF 4 : Mn 2+ hco(s 0 ) = 40.5 cm" 1 

[78M1 ], ir spectr. and 1-magnon Raman spectr. ^Mn-Fe calc, like J AR 


^Mn-Fe = “ 3 -68 cm" 1 i M n-Fe = -4-14 cm" 1 

by means of Eq. 3.147 


















Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Characteristic magnetic parameters: 
j, h e, Hfi, H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


KjMiijCoj.jFj 

1 ) el. + quasi-el. n-scatt. 

2 ) magnon pair mode 

3) local gap mode 


Mixed antiferromagnets, M subl || c (magn. order see Fig. 2.2) 
x = 0.98: = 44 K (details in Table 6 ) 

K 2 MnF 4 :Co 2+ Thq(s 0 + d) = 256(1) cm - 1 at T= 2 K 
K 2 C 0 F 4 : Mn 2+ hco(so) = 54 cm 1 at 1.2 K 
additional line at 56 cm 1 for T > 20 K, g c = 1.80(5) 

^||, Mn-Co ~ — 14.3 cm - 1 i||, Mn-Co “ 13.45 cm - 1 

•4, Mn-Co = ~ 7 - 84 cm_1 4, Mn-Co = “9-63 Cm" 1 


Rb 2 Mn x Coj_ x F 4 

1 ) el. + quasi-el. n-scatt. 

2 ) inel. n-scatt. 

3) local gap mode 


Mixed antiferromagnets, M sub [ || c (magn. order see Fig. 2.2) 
afm. Bragg refl. (1,0,0): I(T) ~ M 2 ubl (7) -» T N » 65 K 

x = 0.5: co{q) for (£ x , 0,0) at 5 K, 50 K and 65 K 

Rb 2 CoF 4 : Mn 2+ hco(s 0 ) = 49.7 cm 1 at 4 K 
additional line 51.5 cm -1 for T > 20 K, g c = 1.75 

^l, Mn-Co = -13 cm " 1 i,,.Mn-o, = -12.85 cm ' 1 

•4, Mn-Co = -7.13 cm - 1 i_L, Mn-Co = -9.56 cm ' 1 


K 2 Mn x Nij_ x F 4 

1 ) local mode, pair modes 

2) 19 F-NMR 

3) AFMR 


Mixed antiferromagnets, M subl || c (magn. order see Fig. 2.2) 

K 2 MnF 4 : Ni 2+ Tuo(s 0 ) = 194.8(6) cm 1 

hco(s 0 + d) = 237.0 cm" 1 , tuo(s 0 + i 0 ) = 400.7(10) cm -1 

x = 0.005, 0.01: 4i-Ni = —35.5(3) cm -1 , J Mn . Ni =-11.22(7) cm -1 

x = 0.975, 0.995: J M n-Mn = -2.92(2) cm' 1 , J Mn -Ni = -9.0(3) cm ' 1 

x = 0.975, T —> 0,77 0 = 0: /?v AFMR = 5.08(3) cm - 1 = 7.31(5) K 


References, remarks 


[78B4] 

[76L6]; Raman spectroscopy 
■ [80B13, 81B8], ir spectroscopy 

J i||,Mn-Co. il,Mn-Co calc, like J AB by means of Eq. 3.147 


[8011] 

[8011]; ^ x = qja*\ 2 magnon branches: see Fig. 3 of [8011] 

■ ir spectr. [81B8]; neutron inelastic scattering [9514] 

J i||, Mn-Co> ij_, Mn-Co calc, like i A B by means of Eq. 3.147 

■ [75L5, 75L6, 77L2], fluorescence and Raman spectr. 

[80L4, 80L5, 83V2, 84V6], see also [77L5]; 

19 Ff / NM r(D ~ ( S\ (?))> details on 0 < i < <*>: see [80L4] 

[80L4, 80L5] 













Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e » h a, H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

Rb 2 Mno. 5 Nio. 5 F 4 

Mixed antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 



1) el.+ quasi-el. n-scatt. 

J N = 68.72 K (details see Table 6) 

[76A3, 77B2, 77S1] 

2) inel. n-scatt. 

©(</) for (£ x , 0, 0) at 7 K (2 branches) 

[75A1, 75B10, 76C3, 77S1]; = q x /a* 


Atn-Mn = -2.64 cm- 1 , (gp B 7/ A )Mn = 0.24 cm" 1 = 0 (neglected) 


parameter values from the fit to the exp. data with linear 


^Ni-Ni = -33.5 cm (gp B ^A)Ni = 2.26 cm" 1 


spin-w. th. using the mean crystal or average model 


■4ln-Ni = 9.40 cm” 1 ( J AB : Eq. 3.147) 


(see Eqs. 3.142 and 3.143) 


CQ(q) for q = (0.5, 0, 0): increased width of I{q) due to Ising 
cluster modes E Bt n;, Fn, Mn (cf. Fig. 3.58) 


[75B10]: -£■,!, Ni, F n M n calculated using Eq. 3.144 and the values of 
the parameters as given above 

3) pair inodes 

modes Ni-Ni: hco = 372 cm 1 , Mn-Ni: hco = 248 cm” 1 
mode Mn-Mn: not observed in Raman spectr. 


[75F4]; calculation with an Ising cluster model using 
. Aln-Mn = -2-90 cm” 1 , J Mn . Ni = -9.17 cm” 1 , J Ni _ Ni = -29.0 cm" 1 

K 2 Mn x Cu]_ x F 4 

Mixed system with competing exchange interactions 



1) meas. X 
and EPR 

Xdc(T) and * ac (7) [f= 80 Hz] for H 0 || c and H 0 1 c 
—> T c (x), J N (x) and magn. order: see Fig. 7 of [86K13] 


[83Y5, 86K13], see also [78D3, 83Y1] 

2) FMR 

x = 0.02, 0.04, 0.07; v = 9 GHz, T= 1.2 K: tf res (/3), A H FMR (p) 

[89A2]; H 0 ±c,p = Z(H 0 , a), a || x-axis 

3) LMB, Faraday rotation 

d(An)/dT ~ C mag n for various x —> ^Mn-Cu = _ ^2 cm 1 
x = 0.01, 0.03, 0.05: study of ferromagnetic stripe domains 

[88J2] 

[87M1]; x-dependence of dimensions of stripe domains 

4) meas. M 

pulsed high-field M(H 0 ) [0 < H 0 < 37 T] at T= 1.8 K, 

Hq T c for 0 < x < 0.18 (fin.), |[ c for 0.57 < x < 1.0 (afm.) 

[8915] 

M(H 0 ) for H 0 || c —> // SF (x): see Fig. 7 of [8915] 

5) optical studies 

x < 10” 4 : ^Mn-Cu = -52(2) cm” 1 =-75(3) K 

[78F3], impurity-induced magnon sidebands 

(CH3NH3) 2 M ni _ x Cu x Cl 4 

Mixed system with competing exchange interactions 



FMR 

x = 0.5: nonlinear microwave absorption (v = 10 GHz) 

[93P3]; hysteresis above 30 W of microwave power 















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

K 2F e t-xCo x F 4 

1) several methods 

2) inel. n-scatt. 


Characteristic magnetic parameters: 
j, h e, #A, H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 

Mixed antiferromagnets with competing anisotropies 

J N (x), 7r(x) for various x: see Table 6 
( T c , x) phase diagram: see Fig. 3.59 

x = 0.27: CO(q) for K = (l+£ x , 0, 0) at T= 5 K 
■4 co-Co = “60.3 cm" 1 , J ±t Co . Co = -3 1.0 cm” 1 
*4 Fe-Fe */j_, Fe-Fe 5.73 cm , D Fe 4.0 cm , Tp e 
-^H, Fe-Co = —18.55 cm -1 , J±,Fe-Co = -13-3 cm 1 


= 0.3 cm 


3) local gap mode, pair mode 
pair mode 


K 2 CoF 4 : Fe 2+ tuo(s 0 ) = 55.4 cm tuo(s 0 + d) = 271 cm 1 
K 2 FeF 4 : Co 2+ hco(s 0 + d) = 225 cm" 1 

J\\, Fe-Co = -17.0 cnr 1 \ Fe . Co = -18.5 cm' 1 

■/±, Fe-Co = —9-95 cm 1 Jj_ !Fe . Co = -13.25 cm’ 1 


Rb 2 Fe x COj_ x F 4 

1) Mossbauer study 

2) (T N , x) phase diagram 


Mixed antiferromagnets with competing anisotropies 
T N (x), 7r(x), 0 Fe (x) for various x: see Table 6 
model calculation 

J\\, Co-Co = -5 1.0 cm” 1 , Co . Co = -28.0 cnr 1 
J\\, Fe-Fe = J±, Fe-Fe —3.4 cm ', h A f e = Z) Fe /z/ Fe . Fe = 0.22 
■7||, Fe-Co = -13.2 cm -1 , Jj_, Fe-Co = -9.8 cnr 1 


K 2 Co x Ni|_ x F 4 

ir emission spectroscopy 


Mixed antiferromagnets, M sub [ || c (magn. order see Fig. 2.2) 
K 2 CoF 4 : Ni 2+ Mft»= 188 cnr 1 and Mft)= 200 cm” 1 
— ^^1, Co-Ni = “47(2) cm 1 j|| Co _ N ; = -48.0 cm 1 

7j.,Co-Ni = -31(6) cm” 1 J ±t Co . Ni = -34.3 cm' 1 


References, remarks 


[83V3, 84F3, 84H3, 85V3, 86V1, 86V2, 88V2] 

T r = reorientation temperature 
[87H4], similar results for x = 0.2, 0.6 [84H3] 

[88H3]; values of the parameters for an average model calculation 
■■ and a computer simulation for (0(q ) (Fig. 3.62); D, E: Eq. 3.35; 

J AB : Eq. 3.147 

[81B8, 82F], ir spectr. and Raman spectr. 

[84F4], ir spectr. and Raman spectr. 

[ 7||, Mn-Co > d 1, Mn-Co calc, like J AB by means of Eq. 3.147 


[84H4]; T R = reorientation temperature 
details of the model: see [77M5, 7803, 84H4] 

values of the parameters for the model calculation; 

7||, F e-Co an( l /i, Fe-Co calc, like 7 aB (Eq.3.147); model results are 
presented in Fig. 7 of [84 H4] 


[8 1B8] ; transitions within the ground state of Ni 2+ 

(| — 1 > —> | 0 >, | 0 > -» | + 1 >) split by H e of Co 2+ ; 

4co-Ni» Co-Ni ca lc- like Jab with Eq. 3.147 
















Table 5. Data concerning Magnetic Properties (continued) 


Compound 

Characteristic magnetic parameters: 
j, h e, Ha, h o , M . X, g, T o t n etc. 

[definitions see Table 1, units are given below] 

References, remarks 

Rb 2 Co x Nij_ x F 4 

Mixed antiferromagnets, M subl || c (magn. order see Fig. 2.2) 



1) Cmagn 

symmetric logarithmic singularity —> 7>j(x) 
x = 0.50, 0.65, 0.80: J N = 114.8, 112.9, 111.9 K, resp. 

[8113]; more details: see Table 6 

2) inel. n-scatt. 

x = 0.5: CO{q) for (£ x , 0, 0) at low T (two branches) 


8311 U x = 9x /fl* 


J\\, Co-Co = “59 cm- 1 , Co . Co = -32 cm' 1 


f parameter values from the fit to the exp. data with linear spin-wave 


J\\, Ni-Ni = 4, Ni-Ni = -27 cm t, gNiPB^A, Ni = 2-26 cm' 1 


] theory using the mean crystal or average model (see Eqs. 3.142 and 


j\\, Co-Ni = -40 cm' 1 , 4 Co . Ni = -29cm- 1 (T N = 115 K) 


1 3.143) 

3) ir emission spectroscopy 

Rb 2 CoF 4 : Ni 2+ tiAco = 178 cm -1 and tiAco= 189 cm -1 


[8 1B8] ; transitions within the ground state of Ni 2+ 


\ Co-Ni = -44(2) cm' 1 Co . Ni = -45.7 cm 1 


(| — 1 > —>|0>, | 0 > —» | + 1 >) split by H e of Co 2+ ; 


■4, Co-Ni = -32(6) cm -1 j ±! Co . Ni = -34.0 cm' 1 


J\\, Co-Ni , 4, Co-Ni calc, like J AB with Eq. 3.147 

K 2 Co x ('U| x F 4 

Mixed system with competing exchange interactions 



1) el.+ quasi-el. n-scatt. 
and meas. X 

T c (x), J N (x) for various x: see Fig. 10 of [9013], 
the different types of magn. order are indicated 


[9012, 9013, 90K3] 

2) meas. M 

pulsed high-field M(H 0 ) [0 < H 0 < 37 T] at T = 1.8 K, 

H 0 1 c for 0 < x < 0.29 (fin.), H 0 || c for 0.50 < x < 0.92 (afm.) 


[8915] 

3) LMB 

d(AH)/dr~ Cmagn -^4o-Cu ! =-38(17) cm' 1 = -55(25) K 

[96J], estimate of average value for Jqo-Cvl ( c f- Fig- 3.64) 

4) FMR 

x = 0.003, 0.007, 0.01; 9 GHz, T= 1.2 K: H res (J3), AH FMR (p) 

[89 A2], see also [88Y2]; H 0 ± c, p = Z(H„, a), a || x-axis 

5) Faraday rotation 

x = 0.03: study of ferromagnetic stripe domains 

[88W5]; dimensions of stripe domains determined 













Table 5. Data concerning Magnetic Properties (continued) 


Compound 


Rb 2 Co x Cui_ x F 4 


Characteristic magnetic parameters: 
j, h e, H a , H 0 , M, X, g, T c , T n etc. 

[definitions see Table 1, units are given below] 


Mixed system with competing exchange interactions 


References, remarks 


1 ) el. + quasi-el. n-scatt. 
and meas. X 


study of several magn. Bragg refl. and Bragg rods and meas. of 
*||c> Zic (ZFC, FC exp.); x'ac , X ac (various/) 


In addition to competing exchange interactions, 
there are also competing anisotropies in this system 


0 < x < 0,18: ferromagnetic order (cf. Fig. 3.721 


x = 0.008: T c = 5.78(6) K 

tetracritical point: x^ P = 0.02(1) ?c p = 5.5(1) K 
x = 0.037: T c = 5.40(5) K, T R = 3.32(5) K 
x = 0.083: T c = 5.15(5) K 
x = 0.110: T c = 4.93(5) K 

0,18 < x < 0,40: 2D Ising spin glass (cf. Fig. 3.72) 
x = 0.218: 7f (t w = 10 s) = 3.10(2) K, 7>(t w = 90 s) = 2.97(2) K, 
x = 0.326: 7>(t w = 10 s) = 3.23(4) K, T { (t w = 90 s) = 3.17(4) K 


[88D1, 88D1 1]: X±c , Zac (f= 350 Hz) 

[88D1, 88D11] 

[88D1, 88D1 1]: X\\c, Xlc 1 [92S1, 92S8]: n-scatt. 

[88D1, 88D11]: X\\d [92S1, 92S8]: n-scatt. 

[88D1, 88D1 1]: X\\c (FC, ZFC), Xac (f= 8 , 244, 3530 Hz) 

[88D1, 88D11]: X\\c (ZFC with t w ); t w = waiting time, 
cf. Sect. 3.3.6 and Fig. 3.71 


0.40 < x < 1.00: antiferromagnetic order (cf. Fig. 3.72) 

x = 0.430: = 21(1) K, x = 0.498: J N = 42(1)K 

x = 0.579: r N = 61(l)K, x = 0.88: 7^ = 88.1(1) K 

x = 0.892: J N = 95(1) K, x= 1.00: J N = 103(1) K 


[88D1, 88D11]: X\\ c for x = 0.430, 0.498, 0.579, 0.892 and 1.00 
[92S1, 92S8, 94S4, 95S2]: n-scatt. for x = 0.88 


2) Cmagn 


3) magn. measurements 

4) inel. n-scatt. 


Cmagn — Cpfl7b2Co x CU|_ x F 4 ) — Cp (KoZn F 4 ) 
x = 0.083: A-like anomaly (singularity) at 7/ = 5.18 K 
x = 0.110: A-like anomaly (singularity) at T c = 5.04 K 
x = 0.218: 1 no anomaly at 7/ only broad maximum 
x = 0.281: jj near 40 K 
estimated average value: Jco-Cu ~ cm 1 = -9 K 
x = 0.037: co(q) for K = (1 + ^ x0 , 0, 0.7) at 7=6.7K 
J Cu -Cu = 2-2 (2) cm -1 = 10.3(3) K; little influence of Co 2+ 


[95R5]; approx, lattice part C p (K 2 ZnF 4 ): [7612] 


[88D1, 88D7, 88D10]; see also Fig. 3.64 

[92S8]; 1 + Cx 0 = single branch like K 2 CuF 4 

[92S8]: linear spin-w. calculation with Eq. 3.72 
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9.12.4 Critical Phenomena 

(For figures of this section and Table 6 see p. 427) 


9.12.4.1 Static Critical Behaviour 

9.12.4.1.1 General 

In the critical region, close to the critical point (phase transition temperature), the theories discussed so far 
are inadequate to describe accurately the behaviour, namely the socalled critical behaviour of a system 
undergoing a phase transition. In context with the structural phase transitions, the Landau theory for 
second order phase transitions [75L4, 80C2] and model calculations based on it [78B2, 79K5, 81K3] have 
been discussed in Sects. 2.2.2 and 2.2.4. In context with magnetic properties and magnetic phase 
transitions, the molecular field theory [55N, 66K] has been mentioned in Sects. 3.1.1-3.1.3 etc. and the 
spin-wave theories [66K, 90A3] have been discussed in more detail there. All these theories do not take 
into account the fluctuations, as mentioned in Sect. 3.1.2-3.1.4 several times, and therefore fail to 
describe accurately the critical behaviour. The Sect. 4.1 is devoted to the static critical phenomena [67F1, 
67H2, 67K1], and in Sect. 4.2, the dynamic ones will be discussed. Some of the thermodynamic functions 
exhibit singularities (divergences) near T c , e.g. the divergence of the susceptibility %, due to an enormous 
increase of the fluctuations. For a magnet, the thermodynamic functions of interest in this context are: 

1) the magnetic contribution to the specific heat C mag n 

2) the magnetization M (ferromagnet) or sublattice magnetization M subl (antiferromagnet) 

3) the magnetic susceptibility j, the staggered susceptibility of an antiferromagnet 

4) the correlation length q which measures the degree of magnetic order 

The magnetization M of a two-dimensional Ising ferromagnet may be a good example for demonstrating 
the critical behaviour near T c . For this system, an exact solution exists for M (cf. Eq. 3.66 in Sect. 3.1.9, 
[440, 52Y]) and we can derive a series expansion with the reduced temperature t = (T- T c )/T c as 
parameter: 


M(T)/M(0) = [1 - sinh _4 (*/|| / k^T )] 1/8 -» B 0 \ 1 1 1/8 + B x \ 1 1 9/8 + B 2 \ t\™ + ... (4.1) 

with J||/ k B T c = In(+1) (cf. Eq. 3.67). The first term is the leading one for t —> 0, i.e. T —> T c . The 

exponent 1/8 is the critical exponent ((3) and B 0 = 1.222410 [67F1] the critical amplitude. The further 
expansion coefficients B\ and B 2 have been derived by Guttmann [75G3] who used T c /T— 1 instead of t 
as the expansion parameter. 

Such critical exponents characterizing the limiting behaviour for t —> 0 and critical amplitudes have 
been defined for all thermodynamic functions listed above, for reviews see [67F1, 67F2, 71S1 , 74J1, 
78L5, 90J1 ]: 

1) magnetic contribution to the specific heat C magn ~ (A ± lar) \t\ a ~ 

2) order parameter M (ferromagnet), M subl (antiferromagnet) ~ B 0 \ t \ ? 

3) magnetic susceptibility % ~ Cq \ t \ “t' ± 

4) critical isotherm (T = T c ): H~ \ M \ 5 • sign(M) 

5) inverse correlation length K= ~ Kq \ t \ v± 

6) wavevector dependence of ^ at T c : %(q, T c ) ~ cf 2 r) 
corresponding to pair correlation function G(r) ~ \ 1 1 << 1 - 2 + 11 ) 
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where a + , |3, y + , 5, v + and r| are the critical exponents. Ar, B 0 , Cq and Kq are the critical amplitudes, 
and d is the lattice dimension. The superscripts "+" and " refer to the ranges t> 0 and t< 0, respectively. 
The definition of the correlation function will be discussed in more detail below. According to the 
generally accepted and well known concepts about critical phenomena, the critical exponents and 
amplitudes do not depend on the special properties of a system under consideration and are the same for 
all systems belonging to the same universality class [76A8, 76K5]. These classes depend on the spatial or 
lattice dimensionalty d and on the order parameter or spin dimensionalty n of the system. The latter can 
best be illustrated for a magnetic system with nearest neighbours exchange interaction by the number of 
effective spin components in the Hamiltonian [90J1 ] 


tf = -2X P/xSi, x Sj,x 

<i,j> 


+ jySj ySj y + j z Sj > ..Sj^ z ] 


(4.2) 


The summation (i, j) is extended over the whole lattice where each pair of nearest neighbours is counted 
only once. We recall further from Sects. 2.1.2 and 3.1.2 that the magnetic unit cell of the perovskite-type 
layer structures is described by means of the ( x , y, z ) coordinate system. The spin dimension n means the 
number of components of the order parameter, namely 

n = 1: Ising model ( J z ^ 0, J x = J y = 0) 

n = 2: XY-model ( J x = J y ^0,J z = 0) 

n = 3: isotropic Heisenberg model (J x = J y = J.,^ 0). 

An overview over all three models has been given for classical spins by Stanley [74S5]. It should be 
noted that these models apply not only to magnetic systems but are used for a wide variety of systems 
undergoing phase transitions. 

The lattice dimension d has a considerable influence on the phase transitions. For one-dimensional 
lattices (d= 1, linear chains), no phase transitions are possible for T C > 0. For two-dimensional lattices 
(d = 2), a phase transition with T c > 0 exists only for the Ising model with long-range order (LRO) for 
T 0 while in two dimensions the XY-model and the Heisenberg model, both with continuous symmetry, 
undergo no phase transition to a LRO at nonzero temperatures [66M1, 67H1, 68M3] due to divergent 
fluctuations of the Goldstein mode with 0 ) —> 0. However, this Hohenberg-Mermin-Wagner theorem does 
not exclude LRO at T= 0. And recently, such order has been proved for the ground state of 
antiferromagnets in two dimensions with nearest neighbours coupling, in particular for the 2D Heisenberg 
model with spin S> 1 [86N1, 88A3, 88K3, 92H1]. Only for the S= \ Heisenberg model, a rigorous 
proof for such a LRO has not yet been achieved [88K4, 92H1]. But there are strong arguments for a LRO 
at T = 0 since the experimental data on La 2 Cu0 4 (2D S = \ antiferromagnet) cannot be easily analysed in 
terms of a model without assuming such a LRO [89C3]. For the 2D XY-model, on the other hand, LRO at 
T= 0 has been conjectured and also rigorously proved for all spins, including S= \ [88K3, 89N2, 890, 

91W2]. Much attention has been focussed on this problem for 2D quantum systems after 1987 because of 
its relevance to the magnetic properties of La 2 Cu0 4 and the related high-temperature superconductors. 
And there was also a discussion whether in 2D quantum systems integer and half-integer spins behave 
differently [86A3, 88A7, 88D4, 89C3] as it is known from ID systems where the Haldane conjecture 
[83H6, 83H7, 85H2] has predicted an energy gap in the excitation spectrum for integer spin and a gapless 
excitation spectrum for half-integer spins which has been confirmed experimentally for linear chain 
systems, see for example the review by Halperin [92H1]. Most arguments lead to the conclusion that such 
a difference is absent in 2D systems [88D5, 88W3] as long as the antiferromagnetic spin configuration 
(Neel state) is well defined at all points in the (2 + 1) space-time dimensions [88H2]. 

After these remarks about the magnetic order, let us return to the brief and by far not comprehensive 
introduction to critical phenomena and critical behaviour the aim of which is to introduce the notation 
used in this contribution for the presentation of the experimental data in Table 6. For a more basic 
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description and for more details, the reader is referred to the above mentioned reviews [67F1, 71S1 , 
90J1]. For comparison with the experimental results in Table 6 and for the discussion of these data, the 
theoretical values of the critical exponents are reproduced in Table 7. According to the static sealing laws 
[71 SI], the critical exponents are equal for T> T c and T< T c 

a + = ar = a y + = y = y v + = v =v (4.3) 

so that the superscripts "+" and " can be omitted. In the following, the superscripts will be used only for 
experimental data where it is necessary to specify whether the data have been obtained for T> T c or for 
T<T C . Otherwise, the critical exponents will simply be denoted as a, y, and V. The critical amplitudes, on 
the other hand, are in general different for T> T c and T < T c so that there the superscripts have usually to 
be used. The data in the first row of Table 7 are the exact results for the 2D Ising model [67F1] and those 
in the next three rows for n = 1 - 3 in 3D systems are compiled in [95L] from results obtained by field- 
theoretical methods [77G4] with the error limits in brackets, see also [80G5, 92K2]. 


Table 7. Theoretical values of critical exponents 



a 

P 

y 

V 


d = 2, n = 1 (Ising) 
d = 3, n = 1 (Ising) 
d = 3, n = 2 (XY) 
d = 3, n = 3 (Heis.) 

0 (log) 
0.1100(24) 
-0.0079(30) 
-0.1162(33) 

1/8 

0.3249(10) 

0.3460(10) 

0.3648(12) 

7/4 

1.2402(09) 

1.3160(12) 

1.3866(12) 

1 

0.6300(08) 

0.6693(10) 

0.7054(11) 

1/4 

0.0315(25) 

0.0335(25) 

0.0340(25) 


For the 3D Ising model more recent values are available from Monte Carlo simulations [98K2] 

p = 0.3269(6) [96T], y= 1.239(3) [91F3], v = 0.6289(8) [91F3], t] = 0.026(3) [92B3] 

The values of the critical exponent 8 have not been listed in Table 7. It can be calculated for all four cases 
by means of the relation (cf. Eq. 4.13 below) 


8 = 1 + y/p (4.3a) 

which yields for the 2D Ising model, for example, 8=15. 


9.12.4.1.2 2D Ising Model 

When comparing the experimental values of the critical exponents (cf. Table 6) with the theoretical ones 
in Table 7, it turns out that most of them agree quite well with those of the 2D Ising model, even in the 
case of weakly anisotropic easy-axis compounds like K 2 MnF 4 and K 2 NiF 4 . The reason for this critical 
behaviour is that the continuous symmetry of the Heisenberg model is broken by the Ising-like anisotropy 
which favors the c-axis as the easy axis and which is responsible for the magnetic phase transition in 
these compounds. And the dipolar interactions dominating the anisotropy in Mn-compounds favor also 
the c-axis and thus a single spin-component order parameter. The influence of the dipolar interactions on 
the critical behaviour of ferro- and antiferromagnets has been discussed in detail by Aharony [73 A2, 
73A3, 73A4, 73A5] and by Schwabl and coworkers [88F1, 88S3, 92F1, 92F2, 93P1, 94P1, 95P1], We 
note further that the situation is different for easy-plane ferro- and antiferromagnets. If there is not a 
strong in-plane anisotropy which determines an easy-axis in the basal plane, i.e. the in-plane anisotropy is 
small or negligible, the system will most probably behave critically according to the 2D XY-model which 
will be discussed in Sect 4.1.8 below. 
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In this section, we first will discuss further results for the 2D Ising model [67F1, 67F2, 72T2, 74D1, 
78L5, 90F1, 90N] and then the experimental data of easy-axis compounds. In addition to the critical 
exponents, all critical amplitudes and further expansion parameters are known from the exact solution of 
the 2D Ising model. Some of these results will briefly be described now. The value of B 0 has already been 
quoted in context with Eq. 4.1. Since all compounds with an easy axis among the perovskite-type layer 
structures are antiferromagnets (cf. Sect. 2.1.2) let us be specific and consider an antiferromagnet with 4 
nearest neighbours on the square lattice. The 2D Ising model Hamiltonian is then given by Eq. 4.2 with 
J z ^ 0 and J x = J y = 0 or, more conveniently, in the notation of Eq. 3.62 (Sect. 3.1.9) with ./ ^ 0 and 
J L = 0. The energy per mole due to the magnetic ordering is [66W] 


U 


magn 


= ~L\Ji 


jtanh(w) 


sinlV(z/) —1 
sinh(2n) 


2 

71 


K(v)~ 1 


(4.4) 


with u = | Jn \/k B T and V = 2 sinh(«)/cosh 2 (M). K(v) is the complete elliptic integral of the first kind and L 
Avogadro’s number. For T = 0, T=T n and T —> °°, Eq. 4.4 yields U 0 = -L\ [, {/ mag n = U C = -L\J^\/ VI 

and t/ magn -» 0, respectively. The value U 0 for r=0 can also be written -LzS 2 \J^\ (z = 4, S= V) and 

agrees in this form with the spin-wave value for 1 mole (N = L) in Eq. 3.5 (Sect. 3.1.2). The asymptotic 
behaviour of the magnetic energy near can be written as [67F1] 

C/ ma gn = U c + R A (T N - T) ■ In I T / T N -11 (4.4a) 

where R = L k B is the universal gas constant. The critical amplitude A (A + =A~) of (U mag „ -U c )/R in Eq. 
4.4a is in the 2D Ising model 

A = {21%) [In (VI +1) ] 2 = 0.494 538 589 2 ... (4.5) 


The temperature derivative of {7 mag n is the magnetic contribution C magn to the specific heat which 
becomes for T n [440, 67F1, 90J1] 

C mag „ = dU magB /dT = -R A ■ In | 77 T n - 11 - R A \ In 1 1\\ (4.6) 

That means that the specific heat of the 2D Ising model has a logarithmic singularity at T N (or T c ) which 
is indicated as a = 0 (log) in Table 7. And this value is indeed obtained for C ma gn ~ | In | Z | | according to 
the definition of the critical exponents [71 SI, 74J1] 

a = lim In | C \ / In | ? | = 0 (4.7) 

o 


We note further that the logarithmic singularity of C magn is symmetric for the 2D-Ising model, i.e. 
A + = A~ = A or A + /A~ = 1. In three dimensions, the universal ratio A + /A~ is in general different from 1 
[74B5], for the XY-model it is =1, for the Ising model < 1 and for the Heisenberg model > 1. 

The next function to be discussed is the susceptibility %. In case of an antiferromagnet, % is the 
staggered susceptibility which is obtained from quasi-elastic neutron scattering as explained below. In the 
critical region (T ~ T N ), % can be written as [90N] 

xm 0 =ct\t r 7/4 +ct\t r 3/4 +cf i # r l/4 +... (4.8) 
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where Xo = C/7' is the susceptibility of a noninteracting system, i.e. the Curie law with the Curie constant 
C (cf. Eq. 3.25, Sect. 3.1.3). The critical amplitudes Co and Cq are for the 2D lsing model [73B3, 74G1, 
76W3] 


C 0 + = 0.962 581 732 2 ... C 0 = 0.025 536 971 9 ... 

0 0 (4.9) 

with Cq / Cq = 37.693 652 0 ... 

The values of the further expansion coefficients Q + , C, ,C 2 , C 2 and higher order corrections are found 
in the literature [73B3, 74G1, 88G1, 88G2]. Closely related to the susceptibility x * s the inverse 
correlation length On the basis of Onsager’s results [440], the following expression has been 

derived [67F2] for Ka 


Ka m = lncoth(| Jy \/2k B T) - |7j| | /k B T for T>T N (4.10) 

and an analogous expression with an additional factor (-2) for T < T N . In Eq. 4.10, « nll is the distance 
between nearest neighbour magnetic ions. In the layer structures, « nn is equal to the lattice constant a of 

the chemical unit cell (cf. Fig. 2.1 in Sect. 2.1.1) and o nn = v/2 when a is the lattice constant of the 
magnetic unit cell. The expansion of Ka nn near T N yields the critical amplitudes 

RToflmi =2 In (a/2+1) = 1.762 747 174... and Kq =2Kq (4.11) 

In experiments, the inverse correlation length k is usually measured in reciprocal lattice units a*. That 
means the measured quantity is k/ a* and the critical amplitude is obtained as Kq / a* = K‘ofl ml /2 ti = 

0.280 549 926... if a* refers to the chemical unit cell and Kq / a* = KQa nn /-j2n = 0.396 757 511... [84C1] 
if a* is the reciprocal lattice vector of the magnetic unit cell. 

Eqs. 4.4-4.11 summarize the critical behaviour of the various thermodynamic functions which can 
also be considered as response functions of a magnetic system, in this section with critical behaviour 
close to the predictions of the 2D lsing model. However, many relations are more general and apply also 
to the XY-model and the Heisenberg model, apart from the numerical values. Now, the critical exponents 
in Table 7 are not all independent but there are relations between them according to the static scaling 
laws. For details, the reader is referred to introductions like [71 SI] and [80G4]. Two examples of scaling 
relations are the following for the susceptibility x [80G4, 81S1 , 88D1] and for the magnetization M 
[83K4] 



X(t,H int ) = \tr- ¥±(77j„ t / t\ A ) 

(4.12a) 

or 


(4.12b) 


= -¥ ± (\t\l h]£) 

(4.12c) 


where t is the reduced temperature, H int the internal field which is not equal to the applied field // (l due to 
demagnetization effects, especially in ferromagnets. The exponent A is defined below in Eq. 4.13. 
Further, */+(«), '¥ ±(u) and ¥+(v) are homogeneous functions of the variables u and V, with the subscript 
"+" for T> T n and " for T < T’n- Of the above mentioned relations among the critical exponents some 
are useful, in addition to Eqs. 4.3 and 4.3a (theoretical values: see Table 7): 


dv = 2-a (2-r))v = y 

a + 2(3 + y = 2, A = p + y=8p 


(4.13) 
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In a similar way, universal relations between the critical amplitudes have been derived by means of the 
scaling hypothesis [76A4, 77A6], for example A + /A~ and C p / C p . One of these universal relations reads 
for the 2D Ising model [72S1] 


X = 


C, 


magn 


K a n 


R I In \t |j (Koa m y 2n 


(4.14) 


It can be used to reduce the number of system-dependent scale factors from three to two (two-scale-factor 
universality) [72S1, 76H3]. The value of A for the 2D Ising model is obtained by using Eqs. 4.5, 4.6, 4.11 

and V = 1 from Table 7. For three-dimensional systems, the universal ratios A + /A~ and Kq / K 0 and also 
an expression analogous to Eq. 4.14 have been calculated by various methods. The values are compiled in 
[76B6]. For the 2D Ising model, Bruce [81B4] has derived another combination of critical amplitudes 


R s = 


Q) (X-Q fl nn) d 

Bq (2?t) d 


(4.15) 


which can be used to test this relation and therefore the hypothesis of two-scale-factor universality by 
means of a single neutron scattering experiment. It will be shown below that 7? s is proportional to ratio of 
the experimental results obtained above and below T N for the same reduced temperature t. In Eq. 4.15, d 
is as before the lattice dimension. The factor (2jt) d has been included for the convenience to express K in 
units of a*. For the 2D Ising model, R s = 0.050 701 893 is obtained with the values ofi? 0 , C p and Kq a nn 
from Eqs. 4.1, 4.9 and 4.11. 


9.12.4.1.3 Experimental Determination of a 

In Table 6, the experimental data are presented together with the method which was used for their 
measurement. For the understanding of the mostly brief statements in the table, it is necessary to outline 
in this context some details of the analysis of the experimental raw data and how the critical exponents 
are derived from them. We note from Tables 6 and 7 that most values of the experimentally determined 
critical exponents are close to those of the 2D Ising model. Let us now consider, as the first example, the 
magnetic contribution to the specific heat Cmagn- The experimental data of C p show usually lattice 
background, in addition to Cmagn at temperatures near T s . Fig. 4.1 shows such data for K 2 CoF 4 . The full 
line in Fig. 4.1 results from a fit to the molar specific heat C p by means of [7511, 80H4] 

C p = R[A ± /a ± )-(\t\~ a± -l) + D ± +Et] (4.16) 

with "+" for T> T n and " for T < 7\j. The prefactor R (universal gas constant) ensures that the 
expression in the square bracketts is dimensionless. The first term is the singular part chosen here in a 
form that allows to consider a —> 0 but does not assume a = 0, the value expected for the 2D Ising model 
(cf. Table 7). The next two terms represent the background, i.e. the lattice specific heat, a constant term 
and a term linear in reduced temperature t with the same factor E for T> T N and T < T N . The fit in Fig. 4.1 
has been performed with the constraints a + = a”. Another possibility used alternatively for such a fit is 
[7511, 80H4] 


C p = R[A ± \\n\t\\+D ± + Et\ 


(4.17) 
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with the singular part in a form which assumes a symmetric logarithmic singularity and a = 0. In Sect. 
3.1.9, it was emphasized that K 2 CoF 4 and Rb 2 CoF 4 are the best known realizations of the 2D Ising model 
and the question arises whether Eqs. 4.16 and 4.17 can also be used to fit the specific heat data of weakly 
anisotropic systems like K 2 MnF 4 and K 2 NiF 4 . Before answering this question, we recall from Sect. 3.3.2 
that C m agn cannot only be obtained by specific heat measurements but also from linear birefringence 
studies where the birefringence is induced by magnetic phenomena (LMB = linear magnetic 
birefringence). As already pointed out there, Jahn [73J2] demonstrated that An, the result of the 
birefringence measurement, is proportional to the magnetic energy t/ magn and d(A;?)/d7’ proportional to the 
magnetic contribution to the specific heat C magn . The theoretical foundation for these experiments [73 J1 , 
74K2, 75S1, 7811, 84FI] states that An is proportional to the nearest neighbours spin pair correlation 
function and thus to the magnetic energy 7/ magn . The experimental results of d(An)/dF for K 2 MnF 4 [79J, 
84F1], K 2 FeF 4 [81K4], K 2 NiF 4 and Rb 2 NiF 4 [7811] show that the Ising-like sharp peak at Z N 
corresponding to the singular part of C magn is embedded in a broad maximum between Tn and room 
temperature. The latter will be discussed below in context with ferromagnets, especially that such a broad 
maximum looks like C mag n for the 2D Heisenberg model [74J1, 90N] where no sharp peak is expected 
due to the absence of a phase transition for T> 0. For the Mn-compounds (C n H 2n+ iNH 3 ) 2 MnCl 4 with 
n = 1 and n = 3, the magnetic specific heat has been determined from ordinary specific measurements 
[81W3, 82W2] as the difference of C p of the Mn-compound and of C p of the diamagnetic Cd-compound. 
In this way, only the broad maximum of C magn was observed and the singular part could not be resolved. 
But these results have been used to obtain also the entropy change A.S' mag n connected with the magnetic 
phase transition by means of Eq. 2.18b (see Sect. 2.2.1). For the compound (C 3 H 7 NH 3 ) 2 MnCl 4 , the result 
is AS' mag n = 12 JK 'mol 1 [81W3] close to the theoretically expected value Rln6= 14.9 JK _1 mol '. The 
broad maximum in C magn is an evidence for the short-range magnetic order at these temperatures which is 
also reflected in the susceptibility measurements (cf. Sect. 3.1.3 and Table 5) and in the neutron scattering 
discussed below for T >T n . This short-range order is also reflected in the temperature dependence of 
intensity of double-excitonic optical transitions in K 2 NiF 4 [77P3], 

From the data of his LMB investigation of K 2 MnF 4 , Jahn [79J, 84F1] has extracted the singular part 
Ah s of Ah in the vicinity of T N (see Fig. 4.2). The variation of [A« s (7) - Ah^Z^)] and d(An s )/dr with T is 
exactly that expected for C/ magn and C magn (Eqs. 4.4a and 4.6). Moreover, the experimental results for 
[An s (7)- Ah s (Z n )] have successfully been fitted to (U c — U masn )IR — A ■ T n -1■ \n\t\. The temperature 
derivative d(A« s )/dZ. obtained from AnJ T) by a mathematical procedure, is then proportional to 
A | In 1 1 \ |. Similar results have been obtained also with LMB for K 2 NiF 4 and Rb 2 NiF 4 [7712]. Another 
result confirming the exact relations of the 2D Ising model is that d(An)/dZ from an LMB study of 
Rb 2 CoF 4 [83N2] has successfully been fitted to 

A{An)IAT=F[{A ± la)-(\t\~ a -\) + D ± + Et\ (4.18) 

where a + = a” has been assumed and where Fisa factor of the order 10 -6 K 1 relating the LMB data to 
C mag n in units of 7?. The data for K 2 MnF 4 in Fig. 4.2 and also specific heat and LMB studies of many other 
weakly anisotropic layered materials show the symmetric logarithmic singularity of the 2D Ising model. 
But measurements of the specific heat of K 2 MnF 4 , K 2 NiF 4 and Rb 2 NiF 4 revealed that the critical 
amplitudes A' and A~ are much smaller (cf. Table 6) than theoretically predicted for the 2D Ising model 
(cf. Eq. 4.5). As illustrated for the spin-wave excitations for Co-compounds in Sect. 3.1.9, we cannot 
completely ignore the transverse spin components and have to consider also here the anisotropic 
Heisenberg or XXZ-model (Hamiltonian see weakly anisotropic compounds). The anisotropy can be 
expressed by h A = H A /H E (Eq. 3.6, Sect. 3.1.2) or h A = (1 (Eq. 3.65, Sect 3.1.9) where h A = 1 

means the Ising model and h A = 0 the Heisenberg model. Hatta and Ikeda [80H4] have treated this 
problem with respect to C magn and obtained the following expression for the specific heat critical 
amplitude 


theory = A + = A~ = (2/u) [In (Jl + l)] 2 • ^ 


(4.19) 
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For h A = 1 and S= Eq. 4.19 reproduces the result for the 2D Ising model in Eq. 4.5. For h A = 0, i.e. for 

the isotropic Fleisenberg model, Eq. 4.19 can no longer be applied since there is is no phase transition at 
finite temperature in two dimensions since it is a consequence of the fact that the Ising-like anisotropy is 
responsible for the phase transition in materials like K 2 MnF 4 . Together with the corresponding 
experimental data, the values for A theory are listed in Table 6 for a variety of materials which are in fair 
agreement with the experimental data for A and A~. 


9.12.4.1.4 Experimental Determination of (3 

The sublattice magnetization M subl (7) of an antiferromagnet is usually obtained by studying the 
antiferromagnetic superreflections (cf. Sect. 2.1.2) as a function of temperature using neutron diffraction. 
It was already mentioned in Sects. 3.1.3, 3.1.9, and 3.3.5 that the intensity of a superreflection at 
Q {] = (h, k, 1) is proportional to the square of M subl and thus an indicator for 3D long-range order [71B1, 

71M2, 73B1, 77B2] 


Mo, T)/I(Qa, 0) ~ [M subl (7VM subl (0)] 2 = Bl \t | 2 ? (4.20) 

Eq. 4.20 is the basis for determining the critical exponent [3. It is correct as long as extinction effects are 
absent, i.e. if the Bragg scattering is sufficiently weak and the neutron beam is not attenuated perceptibly 
on its path through the sample. As an example, the upper part of Fig. 4.3 shows for K 2 NiF 4 the peak 
intensity of the (1,0,0) superreflection over the temperature the range 0 < T< 7’ N (7^ = 97.23 K). The 
lower part of Fig. 4.3 presents the peak intensity and the halfwidth of a scan across a magnetic Bragg rod 
at (1,0, 0.25) for the temperature range 0 < T< 200 K. These Bragg rods or ridges in quasi-2D magnets 
were already mentioned in Sect. 2.1.2 (cf. Fig. 2.5). In Sect. 3.3.5, the rod intensity was used as a measure 
for 2D ordering. Its sharp maximum (cf. Figs. 3.60 and 4.3) allows a determination of the Neel 
temperature T N . In this and the next section, these considerations will be extended to an analysis of the 
neutron scattering results, i.e. scans through a Bragg peak and scans across a Bragg rod, with respect to 
the magnetic phase transition and to the critical properties. For T> T h . there are only 2D correlations and 
the ridges are flat without structure in ^-direction as demonstrated by Birgeneau et al. [70B1]. For 
T < r N , the intensity is transferred from the rods to sharp Bragg reflections with the onset of 3D LRO. But 
also the width of such scans is of interest because it is a measure for the correlation length q. For the 
magnetic Bragg reflections, the width is usually given by the spectrometer resolution indicating a 3D 
long-range order (q °°). The 2D order deduced from the width of the rod scans is usually a finite one, 
i.e. a finite q. In the lower part of Fig. 4.3, the ridge intensity increases strongly on lowering the 
temperature from 200 K towards T N while the halfwidth decreases (cf. lower part of Fig. 4.3). This 
indicates an increase of the range of the 2D order and an increase of iq. We will see below that the 
halfwidth is proportional to the inverse if of the correlation length q. 

Qur analysis starts with the intensity of the Bragg reflections (cf. Eq. 4.20). A double-logarithmic plot 
°f [f(2o> T)lKQo, 0)] 1/2 = Msubi(7VMsubi(0X i.e. of the experimental data, is used to determine the critical 
exponent [3 and eventually the critical amplitude B 0 . Such a plot, namely log [TT subl (7)/M subl (0)] versus 
log (-?), is shown in Fig. 4.4 with the experimental data from three antiferromagnetic superreflections for 
K 3 Mn 2 F 7 . In addition. Fig. 4.4 presents also experimental data (solid lines without experimental points) 
for K 2 MnF 4 and for the 3D antiferromagnet MnF 2 as well as the exact solution for the 2D S = Rising 

model (cf. Eq. 4.1) where the latter is identical with the experimental data for K 2 CoF 4 and Rb 2 CoF 4 (cf. 
Fig. 3.26 in Sect. 3.1.9). The slope to these data gives the 2D Ising value (3 = 0.125 (cf. Eq. 4.1 and Table 
7). The corresponding slopes for K 2 MnF 4 and for K 3 Mn 2 F 7 yield values [3 = 0.150 and [3 = 0.154, resp., 
which are close to the 2D Ising value. The curve for MnF 2 is much steeper and yields [3 = 0.335 [66H1] 
close to the 3D Ising value (cf. Table 7). Therefore, the critical behaviour of K 2 MnF 4 and of K 3 Mn 2 F 7 can 
be called Ising-like. That the experimental data for K 3 Mn 2 F 7 follow the curve for MnF 2 in the range 
10” 1 < (-7) < 1 is not relevant in this context because it is outside the critical range. 
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9.12.4.1.5 Experimental Determination of y, v and r| 

For ferromagnets, the other critical exponents y + (or y ), v + (or v”) and T) can be determined from 
magnetic measurements, e.g. study of the magnetic susceptibility %. For antiferromagnets, they are 
usually determined by neutron scattering from the magnetic rods. Let us consider this case in more detail 
and discuss the neutron scattering cross section for the diffuse scattering contribution in the intensity 
measured by a scan across the rod. This scattering cross section can be written as [68M2, 71B1, 71 M2, 
76A5, 77B2, 78L5] 


-£Z- = A{k i ,k f ) Y (<5 a p - K a Kp IK 2 )- co) (4.21) 

dQdco V 

where k v k f , K and ft) have the meaning as defined in Eq. 2.24 (Sect. 2.2.3), a and (3 are coordinate 
directions in the ( x,y , z) system. The prefactor A(k r k { ) is explained in [68M2] and [71M2], The scattering 

function Sif ( K , ft)) is the most interesting part in Eq. 4.21. It is the Fourier transform in space and time of 
the spin pair correlation function (see for example [71 SI]) 

G a \r, t) ~ < S,JT), Sj,p(0) ) - <5,, a (0) <Sj,p(0)> (4.22) 

with i* = r 1 -r i and where t is the time (exceptionally not the reduced temperature!) and ( ) means the 
thermal average. The definition shows that G ap (r, t) is directly related to the above mentioned 
fluctuations. The scattering function is usually expressed as [7 1B1 ]: 

S^(K,co) = ^^X aii (K)- - nC0 J k f n — F a \K,(D) (4.23) 

(gti B )“ 1-exp (~h(o/k B T) 

where X a ^{K) is the wavevector-dependent susceptibility and F U '^(K, co) the frequency distribution or 
spectral shape function with the property 


+oo 

J F a ^(K, co) den = 1 


The critical fluctuations near T N are dominated by low-frequency fluctuations so that the relation 
tiCO«k B T holds. Then, the factor (tia>/k B T)/ [1 -exp(-t) 0 )/ k B T)] in Eq. 4.23 can be approximated by 1, 
then integration over ft) yields 


[ 5“ p (^,ft))dft) = -!^L^ ap (fi:) (4.24) 

l (£Pb r 

Eq. 4.24 means that we can obtain the wavevector-dependent susceptibility directly when we 

measure the frequency integral of (K. co). This can be done in a neutron scattering experiment with a 
two-axis spectrometer (diffractometer). The integration is performed accurately in the experiment if for 
our quasi-two-dimensional magnets k f is parallel to the c-axis of the sample (quasi-elastic approximation, 
see [7 IB 1 ]). For an easy-axis antiferromagnet with uniaxial symmetry, we have 

z xx = z yy = Zi , ^ = Xp for a *(3 (4.25) 
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For other systems with a different symmetry, e.g. the easy-plane antiferromagnet K 2 FeF 4 , Eq. 4.25 does 
not hold and special considerations are necessary, see [82T1]. Finally, the quasi-elastic neutron scattering 
cross section is obtained by inserting Eq. 4.25 into Eq. 4.21 and integrating over the frequency ft) 


d(J 


d a 


D 


Aik, , kf )_MlO*B^_[(i + K 21 K 2 )x±(k) + (1 _ K 2 ! ^ (K)] 

(gfr b) 


(4.26) 


Eq. 4.26 is the basic relation for magnetic critical scattering, i.e. for the results of the scans across the 
magnetic rods at temperatures near T N . For the rod scan, the wavevector transfer is K= Q 0 + q where Q(, 
is a vector in reciprocal space located on the Bragg rod and q a wavevector perpendicular to the rod. For 
K Q 0 , x(Qo) is the staggered susceptibility, the response of the system to a field H(Q 0 ). This is the 
spatial Fourier transform of the staggered H(r) ~ cxp(i @ 0 /*) which is positive at spin-up sites and negative 
at spin-down sites. These staggered susceptibilities X\\ and Xi depend only on the distance q (absolute 
value of q) to the Bragg rod in reciprocal space. We can drop now Q 0 for the further discussion but 
include explicitly the dependence on the reduced temperature t = 77T N - 1. Then, x_ and x are written in 
a more convenient notation 


xAK) -» xAq, t) X\\(K) xia> 0 (4.27) 

The two susceptibilities are related to the transverse and to the longitudinal fluctuations, and only X\\(q> 0 
is divergent at while xA<h 0 is noncritical. It is smaller than X\ A- 0 and can be assumed constant 
below T n . Fig. 4.5 shows the values of the subsceptibilities for q = 0 on top of the ridge for K 2 NiF 4 . In the 
weakly anisotropic compounds like K 2 MnF 4 and K 2 NiF 4 , xA‘h 0 has nonnegligible values, and the 
problem is the appropriate separation of XA‘I- 0 and X4 ( i- ? ) * n die experimental results. One way to 
separate the susceptibilities is to use their different temperature dependence. While X\\ (<?, 0 is dominant at 
T ~ T n , xAq , i) dominates for T<T n (cf. Fig. 4.5). Details of this procedure have been described by 
Birgeneau et al. [77B2]. For the strongly anisotropic K 2 CoF 4 and Rb 2 CoF 4 , the transverse fluctuations are 
almost completely suppressed because of the lsing nature of these compounds and XA‘1, 0 can be 
neglected [7412, 74S1]. 

The further analysis of the rod scan is usually performed by fitting an approximate mathematical form 
for X\\ (<7, t) to the experimental data, including the corrections for the finite resolution of the neutron 
spectrometer by means of a convolution of the approximate form with the resolution function. The 
simplest approximate form for XiqA) * s the Ornstein-Zernike form, a simple Lorentzian [7 1S1 , 76A3, 
77B2] 


*oz(?,0 = *(0,0 - l — T (4.28) 

1 + (q/K) 

where k is the inverse correlation length. This approximate form is frequently used. It approximates well 
the exact form for x(q, t) above the phase transition but it has the disadvantage that it implies T| = 0 since 
Xoz ~ q 2 for K— » 0 (T—> r N ) and not ~q~ 2+r] with r\ = 0.25 as expected for the 2D lsing model (cf. Table 
7). Therefore, r| was taken into account in an improved form known as Fisher approximant [64F1, 7412, 
79U] 


+ (4.29) 

which has the correct asymptotic behaviour Xf ~ q~ 2+r[ for K —> 0 (T —> 7^) and which also has been 
employed in the range t > 0 (T > j). An even better form for this range with the correct asymptotic 

behaviour is the Fisher-Burford approximant [67F2, 84C1] 
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*fb(?,0 = *(0, t ) 


[1 + 4> 2 (qlK) 1 f 11 
l + (q/K) 2 


(4.30) 


which has also the correct leading term for large (q/K). The factor 0 in the numerator has the rather small 
value 0= 0.029 413 86 for the 2D Ising model. Thus % ¥B reduces to the Ornstein-Zernike form Xoz (Eq. 
4.28) for small (q/K). For the range t < 0 (T < T\j). an improved form in comparison to the Ornstein- 
Zernike one is the Tarko-Fisher approximant [75T2, 84C1] 


Ztf(9,0 = Z(0,0 


[l + <p 2 (g/if ) 2 ] 11/2 
[1—2. + A-^l + (q I k)~ ] 


(4.31) 


In Eq. 4.31, the numerical values for a fit to the experimental data are <p = 0.2 and A = 0.45 [84C 1 ]. Tracy 
and McCoy [75T3] have calculated the exact form of x(q, t) numerically for the 2D Ising model. They 
have compared their results to the approximate forms listed above (Eqs. 4.28-4.31) and compiled in their 
Table V the range of (q/ K) for which the error made by using the approximant is smaller than a certain 
limit (0.01%—10%). Fig. 4.6 shows an example of the data of a rod scan and of the curves obtained by a 
least-square fit with one of the approximate forms convoluted with the experimental resolution function. 
The sample is K 2 CoF 4 for which % ± (i/, t) is negligible and where only X\ ( 7 - 0 contributes to the neutron 
scattering intensity. One scan has been taken above T N = 107.7 K. In this case, the fits have been 
performed with the Ornstein-Zernike form (Eq. 4.28). For the other scan taken below T N , a better fit result 
was obtained with the Tarko-Fisher form (Eq. 4.31) than with the Ornstein-Zernike form. 

The results of such rod scans and the corresponding fits as shown in Fig. 4.6 are performed at a 
sufficient number of temperatures. The results of the fits, namely ^(O, t) and Kit), can now be used to 
determine the critical exponents y* and V ± by means of Eqs. 4.8 and 4.11 


Z||(°,0=ZoC , o + |*| 7 


(4.32) 


K(t)/a* = (Kq /a*)-\t j' 


(4.32a) 


where again "+" is used for * > 0 and for t < 0. The slopes of log-log plots of ^(O, t) and K(t) versus t 
yield the critical exponents. Since most of the rod scans are performed for * > 0, the superscript "+" is 

usually omitted for y and V in Table 6 but not for Co and K 0 . One of the exceptions is the study of 
K 2 CoF 4 for t > 0 and t < 0. The corresponding log-log plots in Fig. 4.7 yield straight lines and exhibit the 
single-power-law behaviour as expected from Eqs. 4.32 and 4.32a. The resulting values for y + , y“, v + , V 
and T| agree also in this case quite well with the 2D Ising values (cf. Table 7). Often Z||(0, 0 T is plotted 
instead of ^(O, t ) [77B2] in order to remove the dependence of % 0 ~ T A on t when determining y. 
However, this is only a small correction in the range 10 4 < 1 1 1 < 10 _1 . The relative error using 7\ instead 
of T= T n (1 + t) is 1 1 1. One method to determine T| is by using it as an optimum fit parameter [7412, 7911]. 
The fits are performed with the Fisher form Xt( ( l- 0 (Eq. 4.29) and that value of T| is the final result for 
which the goodness of the fit is a minimum. Another method is to determine the product r| • v by a log- 
log plot of [77B2] 


#ll(0 ,t) T - ^(t)~r y - t 2v + ... = t r] v + ... (4.33) 

where the relation (2 - r))v = y has been used from Eq. 4.13. Such a plot with data for T> is presented 
in Fig. 4.8 for K 2 NiF 4 and the mixed crystal Rb 2 Mn 0 5 M 0 5 F 4 . The slopes of the resulting straight lines 
agree also in this case with that for the 2D Ising model. It is now straight forward to obtain the value of l] 
from the product T] ■ v if V has been determined by means of Eq. 4.32a. For many compounds, also the 
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critical amplitudes Co and Kq have been derived from rod scans, i.e. from X\ (0, 7) and k( 7), using Eqs. 
4.32 and 4.32a. The values so obtained for K 2 CoF 4 and Rb 2 CoF 4 (cf. Table 6 ) agree fairly well with those 
of the 2D Ising model (cf. Eqs. 4.9 and 4.11). For the weakly anisotropic compounds K 2 MnF 4 , K 2 NiF 4 
etc., however, the Ising-like anisotropy has to be taken into account not only for the critical amplitude A 

(cf. theory > n Eq. 4.19) but also for Kq . With the help of the universal relation (iCoa nn ) 2 = 2n A + (cf. Eq. 

4.14), Flatta and Ikeda [80H5] have obtained a theoretical value for Kq la* and its dependence on the 
anisotropy h A 


[2 

(^/a*) the0Ty = — [In (V2+l)]-(/7 A ) 1/4 (4.34) 

71 

The values (Kq / a*) theoiy calculated by means of Eq. 4.34 using the linear spin-wave values for h A agree 
quite well with the experimental data. For Rb 2 Mn 0 ^Niy 5 F 4 (h A = 0.0071 [77B2]), K 2 MnF 4 (h A = 0.0036 
[73W2]) and K 2 NiF 4 (/z A = 0.0019 [73W2]), we obtain ( Kq /a*) the0 ry = 0.115, 0.097 and 0.083, 
respectively. All these considerations are concerned with the determination of the critical exponents and 
amplitudes from % (c/, 7). But the above mentioned separation of the two susceptibilities for this analysis 
requires also a fit to X±(q, 0 which is usually performed with the simplest form, i.e. the Ornstein-Zernike 
form (Eq. 4.28). The constant part in the range 0 < T< T N can be written as [77B2] 

Z±0M)=Z±(O,0-[l + (q/Kl) 2 ]-' (4.35) 

where k]_ is obtained from the fit to experimental data. Since mostly spin-wave excitations are involved 
in the transverse fluctuations described by Zi(<7, t) a theoretical value for k a I a* can be deduced from 
spin-wave theory. With the linear, not renormalized theory, ffj /a* = ^2h A / k is obtained where 
h A = H a IH e is again the anisotropy parameter. For K 2 MnF 4 and K 2 NiF 4 , the calculated values 0.027 and 
0.020, resp., agree fairly well with the experimental data for k]_ la* (cf. Table 6). 


9.12.4.1.6 Experimental Test of Two-Scale-Factor Universality 

The results for K 2 CoF 4 and Rb 2 CoF 4 which are good realizations of the 2D Ising model can also be used 
to test the hypothesis of two-scale-factor universality (cf. Sect. 4.1.2) which has been mentioned already 
in context with Eqs. 4.14 and 4.15. With neutron scattering data, this test is performed with the ratio R s of 
critical amplitudes. The experiments have to be performed for the same value of 1 1 | above and below T N . 
One possibility is to determine the involved critical amplitudes separately from the fits to the 
experimental data and to calculate then 7? s [840]. The other possibility is to take directly the ratio of the 
neutron scattering intensities at the position Q 0 of an antiferromagnetic superreflection [83H2, 84H1]. 
Then, the observed intensity HQ,,. - 7) for T < T N will be dominated by the contribution from the Bragg 
reflection (cf. Eq. 4.20) and the contribution from diffuse scattering (cf. Eq. 4.26) will be negligible. For 
r>r N , the observed intensity /( Q 0 , +t) consists only of contributions from diffuse scattering (magnetic 
rod): 


I(Qo,-t)~B^(-t) 2fi and /(eo,+0~Zs|(0,+0~Co + -(+ir T 


(4.36) 


where (-7) and (+7) refer to the same absolute value 171 of the reduced temperature for the measurement 
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below and above r N . The ratio of these two intensities multiplied by K 2 (+t) • a 2 /(2n) 2 for d = 2 is then 
proportional to R s 


I(Q 0 ,+t)-K 2 (+t)-a 2 Co ■ (Kqci) 2 ■ (+t) _T+2v „ 

9 - 9 9 - 9R -( 4 . 3 /) 

I(Qo,-t)-(2n) 2 Bq ■ (2n) 2 ■ (—t) 2 ^ 

In Eq. 4.37, the terms with t cancel because of the relations a + 2(3 + y = 2 and dv = 2v = 2 - a between 
the critical exponents (cf. Eq. 4.13) which yield - y+2v = 2(3. The proportionality factors omitted here 
like neutron beam intensity, resolution volume in reciprocal space etc. are all known from experimental 
data, for details the reader is referred to [83H2, 84H1]. 

The experimental values R s obtained for K 2 CoF 4 and Rb 2 CoF 4 (cf. Table 6 ) agree quite well with the 
theoretical value for the 2D Ising model quoted in context with Eq. 4.15. Since these compounds are good 
realizations of the 2D Ising model it is possible that a transition occurs to a 2D long-range order below T N 
instead of the usual 3D ordering. Such a 2D order has actually been found in samples which are rapidly 
cooled through T N from above which exhibit also 3D long-range order when they are slowly cooled 
through T n or when the rapidly cooled samples are annealed at T N . These effects have been observed by 
neutron scattering in Rb 2 CoF 4 and in Rb 2 Co x Vtg|_ x F 4 mixed crystals where Co 2+ is diluted by Mg 2+ [73S4, 
7813, 7912]. In these measurements, (1,0, Q z ) scans are performed along the ridge, e.g. for -1 < £ z < 0, as 
shown in Fig. 4.9 for a sample of Rb 2 Co 0 75 Mg 0 25 F 4 . We recall from Fig. 2.5 in Sect. 2.1.2 that £ z = 0 
corresponds to the antiferromagnetic Bragg peak (1, 0, 0) of one domain and Q, = -1 to the superreflection 
(1, 0, -1) of the other domain. The signal between these two is the intensity on top of the ridge due to 2D 
correlations. Curve A in Fig. 4.9 represents the result after rapid cooling from ~ 80 K to 4.2 K in a few 
seconds (T^ = 60 K [84M4]). Curve B has been obtained after slow cooling from = 70 K to = 30 K in 
about 15 min. The difference between the two curves is striking. In curve A, almost all scattering 
intensity is distributed uniformly over the Bragg rod with small and very broad indications of the Bragg 
peaks. From their width, the correlation between the layers is small, and the layers are nearly uncorrelated 
(2D long-range order). For less rapid cooling, sharp Bragg peaks appear and less intensity is found in the 
Bragg rod indicating the increasing correlation between the layers. The total intensity (Bragg 
rods + Bragg peaks) is the same for both curves within the error limits. These effects are enhanced in the 
diluted Rb 2 Co x Vtg|_ x F 4 samples but are also observed in pure Rb 2 CoF 4 . The 2D order is stable at low 
temperatures for several days. When the temperature is increased to somewhat below T N , the neutron 
scattering results become time-dependent. Within hours, the scattering intensity is shifted more and more 
from the rod to the Bragg peaks indicating that the 2D order is converted to the usual 3D order [7912]. 


9.12.4.1.7 2D Heisenberg Model 

The experimental data of weakly anisotropic layered structures, antiferromagnets like K 2 MnF 4 or 
ferromagnets like K 2 CuF 4 , indicate that they can be considered realizations of the 2D Heisenberg model 
on a square lattice only in an approximative way since all these compounds have some sort of small 
anisotropy or small interlayer exchange coupling. In K 2 CuF 4 for example, the magnon energies are 
approximately that of a 2D Heisenberg ferromagnet for sufficiently large q. In Sect. 3.2.1, it turned out 
that the spin-wave dispersion curves [83H4] for the (1,0,0) direction (cf. Figs. 3.30 and 3.31) can 
successfully be fitted to a 2D Heisenberg model for reduced wavevector £ x() > 0.1 (cf. Eq. 3.72) where we 
can neglect the contributions of the anisotropy or the interlayer coupling ( h A = 0, h' E ~ 0). And in Fig. 
3.31 £ 2 marks the wavevector where the contributions from J and J A to Ji(O q are equal and where the 

influence of the XY-like anisotropy can no longer be neglected. Similar considerations can be made for 
weakly anisotropic antiferromagnets. We recall further from Sect. 3.1.2 that the 2D Heisenberg model 
with its continuous symmetry does not have a transition to long-range order for T c > 0 [30B, 66M1] but 
such a transition may occur at T c = 0 [76M4]. Thus (see also Sect. 3.1.2), the anisotropy or the interlayer 
coupling are essential for the existence of a transition to ferro- or antiferromagnetic order at a finite 
temperature. Experimental data with respect to these questions, namely for C ma g n and have been 
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discussed for a number of compounds by de Jongh [78J]. The actual critical behaviour of the perovskite- 
type layer compounds is determined by this anisotropy or the interlayer coupling. The discussion in Sect. 
4.1.3-4.1.5 and also the data in Table 6 show that most of the weakly anisotropic antiferromagnets show 
2D Ising critical behaviour due to their Ising-like easy-axis anisotropy. The critical behaviour of the Cu- 
compounds, on the other hand, depends on the strength of h E and h A relative to each other. For h E > h A 
as in K 2 CuF 4 , the critical behaviour is that according to the 2D XY-model and 3D XY-model. For the 
compounds (C n H 2n+1 NH 3 ) 2 CuCl 4 with n > 1 and mostly h A > h' E , one would expect Ising-like critical 

behaviour. But the experimental data which are sufficiently available only for the compound with n = 1 
show no unique behaviour. The susceptibility data for T>T C exhibit for both, (CH ! NH ; ) 2 CuCI 4 and 
(CD 3 ND 3 ) 2 CuC 1 4 , the expected Ising behaviour with a crossover from 2D to 3D [76J1, 78J, 7902, 8001, 
84S4] and for T < T c , the value of [3 from the deuterated sample is close to theoretical one for the finite- 
size XY-model [83S2, 84S4], see Eq. 4.66 below. Moreover, Ain [87A4] has concluded from his ac- 
susceptibility and neutron diffraction data that the magnetic phase transition is of the Kosterlitz-Thouless 
type in this compound, cf. Sect. 4.1.8 below. And Demokritov et al. [89D2, 90D3] have concluded from 
their magnetic resonance data a Kosterlitz-Thouless temperature r KT = 8.4 K, in addition to T c = 8.9 K, 
for (CH 3 NH 3 ) 2 CuC1 4 . 

Let us first turn to the theoretical predictions for the 2D Heisenberg model on a square lattice. It was 
already presented in Sect. 3.1.3 that Stanley and Kaplan [66S2] performed an analysis of high 
temperature series expansions (h.t.s.) for the susceptibility % (cf. Eq. 3.26) and came to the conclusion 

that there exists a 7)' 21 >0 at which the susceptibility diverges but below which there is no spontaneous 
magnetization (M= 0). With the extension of the series by further terms, new results [73Y3] seem to 
support more the non-divergence of % at finite temperatures. Generally, the analysis by means of the h.t.s. 
is one of the methods with which the magnetic properties of the 2D Heisenberg model have been studied 
theoretically. In some of the studies, anisotropy has been included for modelling the properties of real 
layered compounds [67D]. Also double-layer and other multi-layer structures have been treated in this 
way [73R3]. A re-examination of the h.t.s. for % [75C2] yielded that the correlation length <g does not 
follow a conventional power law for T>T C (cf. Sect. 4.1.1) but will exhibit a temperature dependence 
like cxp(A I Ll ) with an exponent p and a constant factor A. Many publications consider a Heisenberg 
model with general spin or treat the spins even as classical vectors while we are mostly interested in the 

S= ^ Heisenberg ferromagnet in view of the Cu-compounds with S= \ . Employing the Green’s 
function formalism, this case has also been studied [73Y1, 73M, 75Y]. The Green’s function treatment of 
the S= \ 2D Heisenberg ferromagnet by Yamaji and Kondo [75Y] or by Mikeska [73M] includes 

anisotropy and interlayer exchange as small perturbations of the ideal Heisenberg model. One of the 
results is the transition temperature T c [75Y] for H 0 = 0 

k B T c = 2nJ/ln[l6/h K0 \ (4.38) 

with h K o = |(7 ^a + a/ /7 a + 2/?e ) • (V^a + V /7 a + 2h E ) (cf. Eq. 3.74) 

where h A = J A / J, h A =J A /J and h' E = zf / zJ are again the reduced parameters of the system (cf. 
Eq. 3.71). With the values listed in Table 5, Eq. 4.38 yields 7c = 8.11 K for K 2 CuF 4 instead of the 
experimental value T c = 6.25 K. If the perturbations in Eq. 4.38 vanish ( h A —> 0, h A —> 0, h' E —> 0) we 

obtain T c —> 0 as expected for the 2D Heisenberg model. Based on the above mentioned theoretical 
result; and those of many other investigations including renormalization-group analysis [71B3, 72B4, 
73B4, 75P2, 80S3], it is now generally accepted that the ideal 2D Heisenberg model does not undergo 
any phase transition at T> 0 (see also [79P3, 90N, 90P, 90R1]). Since a phase transition is absent in the 
ideal 2D Heisenberg model, the specific heat is expected to exhibit a broad contour with a maximum but 
without a singularity [74J1, 80S3], a Schottky-type anomaly similar to ID magnetic systems [76S5]. 
These properties of the 2D Heisenberg model are not disproved by the results of Monte Carlo simulations. 
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These were performed for ideal systems on a square lattice without perturbations, namely a 2D classical 
magnet [78S5] and a S = j antiferromagnet [88R5], as well as for systems with anisotropies which break 

the Heisenberg isotropy. For an Ising-like anisotropy as in K 2 NiF 4 etc. [76B4], a conventional phase 
transition with T c > 0 is expected and found in the Monte Carlo results. For magnets with easy-plane 
anisotropy like K 2 CuF 4 , Rb 2 CrCl 4 etc. [82K3, 86K4, 89G3], a transition to a topological LRO is 
observed in the result at a finite T c (see 2D XY-model, next section). But surprisingly, also the Monte 
Carlo simulations for the ideal system yield a finite T C J= 0 and a magnetization or sublattice 
magnetization 0 at low T. This may be due to finite-size effects [79B8, 86B4] because such 

calculations require a finite system, e.g. 900 or 2500 spins. Recently, an analytic solution has been 
obtained for the susceptibility, the magnetic specific heat and the spin-spin correlation function of the 2D 
classical Heisenberg model [950]. The critical exponents obtained in this way (a = 0, y=3, v=l, 
T) = -1), however, differ considerably from those obtained by renormalization group analysis [74F2]. 

In order to learn more about the properties of the 2D Heisenberg model on a square lattice, the 
experimental data of a number of copper compounds have been analysed. The aim of such an comparative 
analysis is to remove the influence of the anisotropy and the interlayer coupling and to extract the data for 
an ideal 2D Heisenberg system by means of an extrapolation [75B5]. Navarro and de Jongh [76N2] have 
performed such an analysis for the magnetic susceptibility % and extrapolated the susceptibility Xu of an 
ideal 2D Heisenberg ferromagnet from the experimental data of various Cu-compounds. Fig. 4.10 shows 
X/Xo for K 2 CuF 4 , for the compounds (C n H 2n+1 NH 3 ) 2 CuCl 4 with n =1, 3, 10 and the extrapolated curve 
XnlXo versus a reduced scale k B T/J (x 0 = C/T, cf. Eq. 4.8). For high temperatures (k B T/J> 1.5), the 
experimental ^-data exhibit no difference for these compounds and agree quite well with the predictions 
of the h.t.s. for % of the 2D Heisenberg model. For lower temperatures ( k B T/J< 1.5), the h.t.s. becomes 
more and more unreliable and other theoretical concepts are needed. Santos and Kosterlitz [78K3] treated 
this problem with renormalization-group methods and obtained X' Xo ~ (k B T/J) 2 exp(4jt//A: B 7). The 
extrapolated data of Navarro and de Jongh [76N2] exhibit in principle this behaviour in the range 
0.5 < k B T/J< 1.1 (see Fig. 1 in [78K3]). However, the prefactor in the exponential is 3.6 for the 
extrapolated data instead of 4n. When the experimental data of X depart from the common curve Xu / Xo-. 
the anisotropic exchange and the interlayer coupling can no longer be neglected and have its influence on 
X . Fig. 4.10 shows that X of K 2 CuF 4 is larger than that of the other compounds in this range because 
K 2 CuF 4 exhibits a larger h A than the other Cu-compounds which all have nearly the same h A . The data in 
Fig. 4.10 mean also that, for example, K 2 CuF 4 undergoes first a crossover to a 2D XY-system when h A 
becomes important and finally a crossover to a 3D XY-system when also h' E is relevant. Such crossover 

phenomena will be discussed in Sect. 4.1.9. The estimate Xh f° r the 2D Heisenberg model extracted from 
the experimental data is probably of limited accuracy but certainly more reliable than other approaches to 
this problem. 

Bloembergen [77B3] has performed a similar analysis for the magnetic specific heat of several Cu- 
compounds. The measurement of the specific heat C p and the separation of the lattice part from the 
magnetic part C m agn is described in a publication by Bloembergen and Miedema [74B2]. Similar as for 
weakly anisotropic antiferromagnets like K 2 MnF 4 , K 2 FeF 4 , K 2 NiF 4 etc., the magnet specific heat of the 
ferromagnetic Cu-compounds consists of a broad maximum mostly peaked for T>T C and a narrow sharp 
spike at T= T c . For K 2 CuF 4 , Takeda et al. [81T2] determined C mag n also with a broad maximum and a 
sharp spike at T c as already presented in Sect. 3.3.2 in context with the diluted system 
KXUvZri! x F 4 (cf. Fig. 3.49). The experimental results of Bloembergen [77B3] for Rb 2 CuCl 4 and 
(C n H 2n+ iNH 3 ) 2 CuCl 4 with n = 1 and 2 are presented in Fig. 4.11 versus a reduced scale k B T/J. The broad 
contour is almost the same for all three compounds while the spikes at the corresponding critical 
temperature T c (T N for Rb 2 CuCl 4 and (C 2 H 5 NH 3 ) 2 CuCl 4 , T c for (CH 3 NH 3 ) 2 CuCl 4 ) are different in height 
and intensity as shown in more detail in Fig. 4.12. And even on the reduced scale, they appear in different 
positions since T c depends not only on J but also on J A and J'. This has been elucidated by Jou and Chen 
[73 J4] for T c (h A ) in their Table 1 for an Ising-like anisotropy where k B T c /J is listed for 0.2 < h A < 1.0. 
Bloembergen [76B5] has investigated the influence of h' E on T c . His results are compiled as k B T c /J 
versus h' E for 0.0031 < h E < 0.5 in his Table V. Let us return now to the problem of Cmagn for the ideal 
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2D Heisenberg model. The broad maximum is a good basis for deriving it from the experimental data. 
Theoretically, it is predicted to show a Schottky-type anomaly and not a singularity because of the 
absence of a phase transition [74J1, 80S3]. Experimental data are only available in the range 
0.25 < k B T/J< 1.40. Outside this range, the curve in Fig. 4.11 is calculated by using reliable 
approximations. For low temperatures (0 < k B TIJ< 0.25), the linear /’-dependence is modelled with the 
Green’s functions result for the square lattice Eq. 3.79a (Sect. 3.2.1). For high temperatures 
(k B T/J> 1.40), the curve common for all compounds is obtained by means of the high temperature series 
expansion for C mag n. In Sect. 3.1.3, only the h.t.s. for % and % 1 were introduced in Eqs. 3.26 and 3.27. In a 
similar way, a high temperature series can also be established for C mag n [58R3, 74R2, 90N] 


C, 


magn 


/R = j-zS 2 (S + l) 2 K 2 


i+X c ^ n 


n = 1 


(4.39) 


where K = J/k B T as in Eq. 3.26. For the S= \ Heisenberg ferromagnet on a square lattice, the 

coefficients c n have been derived by Baker et al. [67B2] and by Yamaji and Kondo [73Y3]. They are also 
listed in Table B-IV of the review by Navarro [90N]. Eq. 4.39 has been used to calculate the common 
curve in Fig. 4.11 for k B T/J > 1.4. The h.t.s. for Cm ag n becomes really reliable for k B T/J>2.4 and 
interpolation techniques and approximations have been employed to bridge the gap. In addition to the 
graphic presentation, the estimate for C magn of the 2D Heisenberg model on a square lattice has been 
listed in Table V of [77B3]. A question still to be answered is whether the sharp spike in the specific heat 
as shown in Fig. 4.12 is Ising-like due to a crossover from the XY-model to the Ising model or whether 
such a spike is a specific heat anomaly of the 2D XY-model. 


9.12.4.1.8 2D XY-Model 

In contrast to the 2D Heisenberg model, the 2D XY-model seems to be a better candidate for the new 
kind of phase transition at a finite temperature predicted by Stanley and Kaplan [66S2]. This transition 
would be characterized by a diverging susceptibility without magnetic long-range order (LRO) and 
spontaneous magnetization. According to Kosterlitz and Thouless [73K3, 78K2], the 2D XY-system 
cannot have an ordinary symmetry-breaking phase transition but the novel kind of transition would be 
mediated by the unbinding of vortex-antivortex pairs into a gas of free vortices at the critical temperature 
^KT > 0. T^j is the Kosterlitz-Thouless temperature which is not identical with the actual transition 
temperature T c in real systems like K 2 CuF 4 and Rb 2 CrCl 4 . The vortices are new nonlinear excitations of 
the system [71B3, 72B4] which form a topological long-rarge order which is no magnetic LRO with 
M 0. They are characterized by a vorticity Q which can be defined as [73K3, 74K5, 90P] 

Q = — <j> V<5(r)d.v (4.40) 

2n J 

where the angle <5(r) denotes the direction of the spin at point r with respect to the x-axis in the basal 
plane. Fig. 4.13 shows two simple examples of vortices, one with Q = +1 and the other with Q = — 1. The 
existence of this new type of transition in the 2D XY-model has primarily been verified in Monte Carlo 
computer simulations [77K6, 77S5, 78M3], which also provide for T< ^KT evidence of vortex-antivortex 
pairs with opposite Q and the corresponding topological long-range order. An equilibrium spin 
configuration after 2000 Monte Carlo steps is reproduced in Fig. 4.14. It is the typical vortex-antivortex 
range at a temperature of k B T= 0.5(2 S 2 J) ~ 0.6 T K i . The vortex pairs are enclosed by broken lines in Fig. 
4.14. Theoretical calculations have been performed not only for the XY-model but also for the plane 
rotator model which belongs to the same universality class [74B7, 77B4, 95P2]. The data in Fig. 4.14 are 
based on this classical planar or plane rotator model [78M3, 79T1] 
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^--2 J ^ (Si.xSj.x + Si^ySj y ) 
<ij> 


-2S 2 J ^ cos^-dj) 

<i> j > 


[Si, z = 0, Sj jZ = 0] (4.41) 


where <5; = dir^ and ^ = <3(fj) are the orientation angles of the spins at and r p resp., (cf. Eq. 4.40). In this 
model, the spins are classical two-dimensional magnetic vectors in the basal plane. Two other models in 
this context are the classical and the quantum 2D XY-model which were also employed in Monte Carlo 
simulations 


H = -2J (S u S j;X +S ijy S j>y ) 
<i,j> 


[S,, z £ 0, S j|Z *0] 


(4.42) 


In the classical XY-model [84G4], the spins S, and 5) are classical three-dimensional magnetic vectors so 
that S i z and S, z can give rise to out-of-plane fluctuations. A classical treatment is only justified for large 
spin values, strictly for S —» But for small S and especially for S = -j , this procedure is not adequate 

and the quantum 2D XY-model is more appropriate. Eqs. 4.41 and 4.42 refer to ferromagnetic models in 
view of our examples (see below). But the ferromagnetic model can easily be converted to an 
antiferromagnetic one by an unitary transformation [880, 96B]. Therefore, most of the results, e.g. the 
transition temperature are the same for both cases. It should further be noted that the models Eq. 4.41 and 
Eq. 4.42 are often not strictly distinguished in the literature and the plane rotator model also called 2D 
XY-model, see for example [86F2, 88G4, 88W2, 9502]. As experimental realisations of these models, 
we will discuss here magnetic systems like K 2 CuF 4 [90H] and Rb 2 CrCl 4 [86D3] and not the analogy 
between the XY-model and superfluidity in 4 He or superconducting grains. For additional information, 
the reader is recommended to consult the reviews on this topic [74B7, 78K2, 79P3, 80B9, 90H, 90P, 
90R1], 

The critical properties of the 2D XY-model have been derived by Kosterlitz [74K5]. Because the 
nature of the Kosterlitz-Thouless transition is very different from an ordinary phase transition, the 
correlation length %(T) does not diverge according to a conventional power law r Y for T approaching the 
critical temperature from above (T> T K f ) but faster than that according to an exponential 

%(T) ~ exp (b7~ 112 ) (4.43) 

where t = (T- T Kf )/ T Kl is the reduced temperature with respect to T K l and b a factor. Eq. 4.43 has first 
been derived by Kosterlitz [74K5] with a renormalization group analysis. It has subsequently been 
confirmed by Monte Carlo calculations [86F2, 88G4]. The Kosterlitz-Thouless temperature Tkt is a 
nonuniversal quantity, it depends on the model and its parameters. Following the literature, a 
dimensionless equivalent of the temperature is introduced 

T = (k B T)/(2S 2 J) (4.43a) 

That means we measure the energy k B T in units of 2.S' 2 ./, in accordance with our notation for the exchange 
Hamiltonian in Eq. 3.2 (Sect. 3.1.2). For the quantum 2D XY-model, S is often replaced by S =S+ j 
instead of using S(S + 1) for .S' 2 [90D5, 92D1, 95C2, 96B]. Monte Carlo simulations and also high 
temperature series expansions have been used to obtain reliable values for ^KT- Extensively studied was 
the planar model Eq. 4.41 [86F2, 88G4, 88W2, 93B3]. The most precise value for this model is T kt = 
0.892 [94S2, 9502] obtained with special care to overcome the finite-size effects in Monte Carlo 
calculations. For the classical 2D XY-model Eq. 4.42 with S z ^ 0 there is a reduction of ^KT due to out- 
of-plane fluctuations [95P2], namely to T KJ =0.699 [95C3]. In the quantum 2D XY-model, 7' KT is 
further reduced because of quantum renormalization [85L, 90D5]. The reduction depends on S and is 
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most drastic for S= \ (5=1) with T kt = 0.353 [92D1]. The factor b in Eq. 4.43 is also a nonuniversal 

constant, and various values mostly in the range between 1.50 and 2.00 have been obtained in fits to 
Monte Carlo results [88G4, 93B3, 9502]. In analysing experimental data, Als-Nielsen et al. [93A] have 
used Z> = 2.12 for Rb 2 CrCl 4 and Hirakawa et al. [82H5] b= 1.5 for K 2 CuF 4 . According to the relation 
X~ <g 2 '~ n , a similar exponential divergence is obtained for the susceptibility x 

X(T) ~ exp ( B r 1/2 ) = exp \b (2-q) ?" 1/2 ] (4.44) 

where for T ~ ^KT q = 0.25 (cf. Eq. 4.48b below), i.e. the same value as in the 2D Ising model (cf. Table 
7). The exponential divergence of t; and X- first predicted by Kosterlitz [74K5], has been confirmed by 
Monte Carlo simulations [91J2, 92G2, 93J] the results of which favor the Kosterlitz-Thouless theory over 
a conventional second order phase transition with the conventional power law divergence of q and X- But 
there has also been a critical discussion about the validity and the correct interpretation of the Kosterlitz- 
Thouless theory [88P] with the result that this theory is correct as outlined in this section [88G4]. 

For T< T kt , the Kosterlitz-Thouless theory predicts a divergence of the correlation length and the 
susceptibility at all temperatures 


X 00 for all T < T kt (4.45) 

and the magnetization vanishes in this temperature range (M= 0) due to the absence of a magnetic LRO. 
There is only the topological LRO as discussed above. Eq. 4.45 means essentially that all temperatures in 
the range 0 < T< T kt correspond to a critical point. A further consequence of Eq. 4.45 is that the 
conventional critical exponents diverge for T< ^KT 

[3 —» y —> oo ; v —» °° for all T< T kt (4.45a) 

But the ratio y/(3 will be finite in this temperature range [74K5] and thus also 8=l+y/p. If a 
magnetization M is induced by a weak external field H 0 , we have 

M~ (4.46) 

where // lnl is the internal field resulting from77 0 . Since all temperatures below ^KT correspond to a critical 
point, 8(7) is a function of temperature. At T- Tkt, § has the value 8= 15. Also the exponent T| of the 
correlation function is finite for T< Tkt- In case of two dimensions (2D) without LRO, the spatial 
dependence of the correlation function can be written as (cf. Eq. 4.22 and [74K5, 77J2, 78M3]) 

G(r) = (S i S j )~ - (4.47) 

where r = r 1 - r p r=\r\, ri(7) also a function of temperature (0<7’<7’ KT ) and a the lattice constant. In 
contrast to Eq. 4.22, no averages (15) |) and ( | Sj \ ) are subtracted in Eq. 4.47 because they vanish due to 
the lack of LRO in the ideal 2D XY-model. In general, q is related to the ratio of the spin stiffness p s and 
the temperature [92M7]. For T« Tkt> the spin-wave approximation for q is given by the unrenormalized 
spin-stiffness p s = 2.S' 2 ./ [ 72B4, 89C3] and the temperature [92M7] 

0: q = (2?t K)~ l with K = (2S 2 J) /(k B T) (4.48a) 
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With increasing temperatures nearer to but still below 7 kt> the spin stiffness and with it the relative spin 
stiffness K will considerably be renormalized due to the presence of vortex-antivortex pairs [72B4] : 

K^K eS 

This renormalization is elucidated by recent theoretical studies of 2D easy-plane magnets [92M4, 93P2]. 
At r KX , the renormalized K ctr and t] will assume universal values 

il = (2nK eS )~ x =0.25 (T = T kt ) (4.48b) 


The theory for the 2D XY-model predicts further that K eS will perform a "universal jump" at T K t [74K5, 
77N3, 94B1] (see also: [73P2, 74P2]) 


£eff=f " jUmP " > ^eff=0 (4.48C) 

Another property of 2D XY magnetic systems is that at low temperatures, i.e. for T « T KT , there is 
coexistence of spin-waves (linear excitations) and vortex-antivortex pairs with opposite Q (nonlinear 

excitations) [73K3, 78S6]. The spin-wave dispersion can be approximated for small <7 = (£/xO + <7yO)' J m 
the 2DXY-regime (approximately 0.01 < q/a* < 0.1) for K 2 CuF 4 [83H4] using Eq. 3.71 (Sect. 3.2.1) with 
h A = 0, h 0x = 0 and neglecting h' E 

htoq ={[2zS J (l-7 q )] [2 zSJ A y q ]} 112 -zsjjj^aq (4.49a) 

and for Rb 2 CrCl 4 [80L2, 81H4] employing Eq. 3.87 (Sect. 3.2.2) and neglecting the in-plane anisotropy 
P = P sin2<5 


hco q = {[2 zSJ (1 - y q )] \D (1+1 7 q |) (5 - j)] }'' ^zSJD{S-\) aq (4.49b) 

This linear dispersion C 0 q ~q with spin-wave velocity c=CO q /q is characteristic for XY-model 
ferromagnets [69H2, 73B4, 74V4, 75V, 86K3] where the out-of-plane anisotropy fields with J A and D 
force the spins into the easy plane and create the XY-model symmetry. In the 2D Heisenberg regime 
(approximately 0.1 < q/a* < 0.5), the ideal Heisenberg model without any anisotropy term is a good 
approximation for the experimentally observed magnon dispersion curves [76F, 76H4, 79D3, 81H4, 
83H4]. In this case, we obtain for K 2 CuF 4 from Eq. 3.71 with h A = h' E =h A = h 0x = 0 and for Rb 2 CrCl 4 
from Eq. 3.87 with D = P= D = P = 0 

h(O q = 2zSJ (1 —7 q ) = ^zSJa 2 q 2 (4.50) 

This quadratic dispersion is typical for Heisenberg ferromagnets [69H2, 86K3]. In Eqs. 4.49a, 4.49b and 
4.50, the lattice constant a refers to the I4/mmm pseudo-cell with one magnetic ion per unit cell. Thus, the 
magnon dispersion relations of the two easy-plane ferromagnets under consideration agree quite well with 
the predictions for the 2D XY-model and the 2D Heisenberg model in the corresponding wavevector 
ranges. A similar difference as in the limiting behaviour for small q is also observed in the temperature 
dependence of the magnon energies. The experimental data for K 2 CuF 4 are shown in Fig. 4.15. They 
correspond to the magnon dispersion curve for the (1, 0, 0) direction in Fig. 3.30 (Sect. 3.2.1) measured at 
1.05 K [83H4]. The data in Fig. 4.15 reveal a drastic decrease of the spin-wave energies at T c for 
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£ x0 < 0.03 (2D XY-model) and become overdamped for T> T c . The dashed line marked F q in Fig. 4.15 
denotes the boundary between underdamped and overdamped spin waves. The spin waves for £ x0 > 0.04 
(2D Heisenberg model), on the other hand, are not overdamped above T c with much less temperature 
renormalization. In the wavevector range 0.01 < CxO- 0.03, the K 2 CuF 4 data are in accordance with 2D 
XY-model. The drastic drop of the magnon energies near T c is equivalent to a similar drastic decrease of 

AT eff (cf. Eqs. 4.48a, 4.48b) since both are proportional to each other as pointed out by Bramwell et al. 
[95B1], see also [90S] 


~ _2 S 2 J co(T) 

A P ff —- 

k B T o(O) 


(4.51) 


Thus, the experimental data for £ x0 <0.03 in Fig. 4.15 are an indication for the "universal jump" (cf. Eq. 
4.48c) in the spin-wave stiffness [83H4, 90H]. A similar temperature variation of the magnon energies 
has been observed in Rb 2 CrCl 4 [86H2]. We note, however, that the experimental data do not exhibit a 
discontinuous jump. They fall steeply but continuously to zero between At and T c . The results of Monte 
Carlo simulations exhibit also this continuous decrease [86K3], 

Let us finally consider the predictions for the specific heat of the 2D XY-model and the 2D planar 
modell. Eqs. 4.45 and 4.45a imply that the specific heat exponent will diverge according to a = 2 - 2(3 - y 
—>-a> (cf. Eq. 4.13). Thus, the specific heat will be regular for the 2D XY-model and exhibit no 
singularity at as follows from renormalization group and h.t.s. studies for the XY-model as well as 
for the planar model [68S2, 74B7, 74K5, 77B4, 79B7, 81S2]. Probably there will be a broad maximum as 
shown in Fig. 4.11 for the ideal 2D Heisenberg model. The Schottky-type anomaly is explained in this 
case as corresponding to the gradual dissociation of vortex-antivortex pairs with increasing temperature 
[79B7]. The results of Monte Carlo simulations brought some surprise with respect to the magnetic 
specific heat. In contrast to the above predictions, C mag n revealed a sharp peak at temperatures somewhat 
higher than At for all three models, namely at T— 1.15 At for the plane rotator model [79T1], at 
T= 1.13 T Kl for the 2D classical XY-model [84G4] and at T= 1.02 T K i for the S = \ 2D XY-model 

[84R4, 84R5]. Moreover, the experimental data of C mag n for Rb 2 CuF 4 and (C n H 2n+] NH 3 ) 2 CuCl 4 with 
n = 1, 2 in Fig. 4.11 show also such sharp peaks which could be due to a singularity of the specific heat. 
But, as already mentioned in the last section, we are not sure whether this is really due to the 2D XY- 
model or to Ising-like or to 3D behaviour. 

A comparison of the predictions for <g and % (Eqs. 4.43-4.45) with the experimental data will show 
that the ferromagnetic compounds under consideration are really realizations of the 2D XY-model, at 
least in the wavevector or temperature range where they can be expected to show 2D XY-behaviour. The 
crossover to the 3D XY-range and the 2D Heisenberg range will be discussed in detail in the next section. 
Here, we will concentrate on the comparison of the experimental data with the theory. As in Sect. 4.1.5 
for antiferromagnets, also for the easy-plane ferromagnets K 2 CuF 4 and Rb 2 CrCl 4 a very effective method 
for determining K and % * s quasi-elastic neutron scattering [82H5, 82H6, 93A]. In addition, the 
susceptibility % of ferromagnets can also be determined by magnetic measurements which have partly 
been static or dc ones [76D5, 81H2, 86K2] with X\\ for H 0 \\a and for #o || c in case of K 2 CuF 4 . Partly, 
these were ac studies where in ~ e~ 2m " is the response to an ac field h ~ e~ 2mU . Then, the ac susceptibility 
tensor is (cf. Eq. 3.95 in Sect. 3.2.3) 


Xtc = dm a /dh, 


(4.52) 


with a = x, y, z (coordinate axes) or a = a, b, c (crystalline axes). The frequency / is usually between 
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500 Hz and 1 kHz. For measuring the frequency dependence of % ac and for determining the relaxation 
time T c (cf. Sect. 4.2) a wide range of frequencies was employed, e.g. 0.3 Hz-50 kHz [89D3] and 1 MHz- 
200 MHz [80H6], 

The cross section for diffuse neutron scattering has already been derived in Sect. 4.1.5 (cf. Eqs. 4.21— 
4.26). If the magnetization M is parallel to the x-axis, the susceptibility tensor for neutron scattering 
becomes (cf. Eq. 4.25) 


Z“ P : Z XX = Z|| X n ' = Xi Z zz = ? 

Since all measurements have been performed with K\\ c, it follows from Eq. 4.21 that x" will not be 
observed and that the quasi-elastic scattering cross section becomes (cf. Eq. 4.26 and [73H3]) 


dcr 

dO 


D 


y^VxAq,T) + X\M,T)} 

C?Pb) 


(4.53) 


where K=Q 0 + q has been used and Q 0 been dropped as in Eq. 4.27. In Eq. 4.53, the ordinary temperature 
T is given and not the reduced one since there are two of the latter now: t with respect to T c and t with 
respect to T K I . The neutron intensity has been scanned across the ferromagnetic Bragg rod for K 2 CuF 4 
[82H5, 82H6] and for Rb 2 CrCl 4 [93A] at various temperatures above and below T c . Hirakawa and Ikeda 
[73H3] have concluded from their considerations that in case of K 2 CuF 4 X\ and X± have to be 
distinguished only in a very narrow range around T c : T c + 0.03 K. Below T c , X_ is dominant and X can 
be neglected. In the paramagnetic region (T >T C + 0 .03 K), on the other hand, we have X = X± = X- 

The neutron scattering results for T>T C have been analysed mostly by means of the Ornstein-Zernike 
form Xoz (Ed- 4.28) and in some cases by the Fisher approximant X\ (Eq. 4.29). The resulting k(T) and 
X(T) have been fitted with reasonable success to the Kosterlitz-Thouless theory Eqs. 4.43 and 4.44, for 
K 2 CuF 4 in the 2D XY-range 6.6 K < T< 7.3 K [8 1H2, 82H5, 82H6] and for Rb 2 CrCl 4 [93A] in the range 
55K<T< 120 K. The experimental data and the fit curve are shown for k(T) ofK 2 CuF 4 in Fig. 4.16 and 
for x(<l - 0, T) of Rb 2 CrCl 4 in Fig. 4.17. The agreement between experimental data and theoretical curves 
is obviously good and thus gives evidence for the 2D XY critical behaviour of these two easy-plane 
ferromagnets. The fit parameters are listed in Table 6. 

Closer to T c , the two compounds exhibit 3D critical behaviour (3D XY-model) with the conventional 
power laws for %{T) and k(T). Therefore, the interlayer exchange coupling (./') and also q z have to be 
included in the analysis of x(q) in this temperature range near T c (T< 55 K for Rb 2 CrCl 4 ). This inclusion 
is achieved with a mean-field form for x(q, T) due to Marshall and Lowde [68M2] 


where 


z(q,T) 


_ Xo _ 

(T -T c )/T c + \J (0) — J(q)\tJ (0) 


Xo = C/T (Eq. 4.8) and J(q ) = J(r nn ) ■ exp (i q r nn ) 


(4.54) 


The summation r nn extends over all nearest neighbours in the layer and in the adjacent layers. For K 2 CuF 4 
and Rb 2 CrCl 4 in the 14/mmrn pseudo-cell, we obtain 

J(q) = zJy q +z'J'y' q and J(0) = zJ + z'J'~ zJ 

where for small q 

2 2 2 
7q =l--|-(9xO+9yo) and 7q “l-|-(9x0 +9yo)-|-?zO 
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Inserting this with z = 4 and z /= 8 into Eq. 4.54 and replacing the mean-field expression 4 (T— T c )/T c by 
the conventional form for the inverse correlation length (Koat v ) 2 , the final expression of x(q, T) for the 
determination of k(T) is 


X(<L 0 


_ jXo _ 

{KqU t v ) 2 + a 2 (ql 0 +q 2 0 ) + ( J'/J)c 2 ql 0 


(4.55) 


where now the reduced temperature t = T/T c - 1 is taken with respect to T c . Since the scans across the 
ferromagnetic Bragg rod are along c/ x0 or q y o at a fixed value of q /0 , Eq. 4.55 can be converted to the usual 
Ornstein-Zernike form (Eq. 4.28) for determining K(t) 


Xoz(q, t ) 


Z(0, t) 

1 + (9x0 + <7yo)/K- 


(4.56) 


with k 2 = (x‘o? v ) 1 + K 2 and K 2 = (J't J) ■ (c/ a) 2 ■ ql 0 . Instead of the Ornstein-Zernike form, also other 
approximate forms from Sect. 4.1.5 (see Eqs. 4.29-4.31) may be used. For the available experimental 
data, the so obtained values of the critical exponents y and V are mostly close to the values for the 3D XY- 
model (y= 1.32 and v = 0.67, see Table 7), e.g. For Rb 2 CrCl 4 y = 1.35(2) from LMB studies [86K2] and 
V = 0.825(25) from quasi-elastic neutron scattering [93A]. Measurements of x(q-1) very close to T c 
(K 2 = k 2 \) offer the possibility of determining the interlayer exchange constant J'. For T~T C , the 
Lorentzian width if of %(q, t) is given solely by K y . and J' can be evaluated from the experimental value of 
K z , from the lattice constants and the intralayer exchange constant J 

J'=J(K z a) 2 /(q z0 c) 2 (4.57) 

The value for K 2 CuF 4 is J'= 0.0020 K as derived from neutron scattering employing Eq. 4.57 [73H3] in 
good agreement with J'= 0.0022 K from FMR parallel pumping experiments (see Table 5 and [74Y1, 
76Y2]). For Rb 2 CrCl 4 , J'~ 0.0011 K is obtained by means of Eq. 4.57 [93 A, 93 V], 

The intensity 7 rod of the quasi-elastic neutron scattering from the ferromagnetic Bragg rods of these 
compounds, especially of K 2 CuF 4 , is rather high below T c and increases linearly with temperature 
([82H5, 82H6], see also [73H3, 79H2, 80H8]). The corresponding experimental data are reproduced in 
Fig. 4.18. Surprisingly, this intensity depends also strongly on the position £ z0 at which the scan across 
the rod has been taken, namely at Q 0 = (0, 0, 2-£ z0 ). We recall from Sect. 4.1.5 that for T<T C the 
wavevector dependent susceptibility X± depends on the magnon spectra as outlined in the discussion 
about K ± in context with Eq. 4.35. For the ferromagnet K 2 CuF 4 with no spin-wave gap (ft)—>0 for 
q —> 0), spin waves with much lower energy occur than in antiferromagnets like K 2 MnF 4 and Rb 2 MnCl 4 
since there the lowest magnon energy is the spin-wave gap /)V AFMR . Therefore the low-energy spin waves 
in the ferromagnet will give rise to larger neutron scattering intensities. Hirakawa and Yoshizawa [79H2] 
have performed a spin-wave calculation for a quantitative explanation of the experimental data in Fig. 
4.18. Starting with an expression equivalent to Eq. 3.71 (Sect. 3.2.1), they have calculated the spin-wave 

energies tiO)(q) and the number of magnons excited in thermal equilibrium n(q) = [exp ( ti ft) q / k B T) — 11 1 

(cf. Eqs. 3.15 and 3.18 in Sects. 3.1.2 and 3.1.3) where q = K-Q 0 = (0,0, £ z0 c*) is the magnon 
wavevector on top of the ferromagnetic ridge. Then n{q) has been convoluted with the resolution function 
R(q) of the neutron spectrometer in order to obtain an expression proportional to the scattering intensity 

m 
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f 2 (K)n(q + q ')R(q + q') d 3 q' (4.58) 

In Eq. 4.58, f[K) is the magnetic form factor of Cu 2+ [76A6]. The result of this calculation is shown for 
7 7 =4.21 K in Fig. 4.19 together with the corresponding experimental data for K 2 CuF 4 . These are the 
difference of the neutron scattering data at 4.21 K for zero external field and those at the same 
temperature but for H 0 = 0.2 T where the diffuse scattering intensity below T c is practically zero (see 
Fig. 1 of [79H2]). The theoretical data in Fig. 4.19 have been calculated for the XY-model (solid curve) 
and for the Heisenberg model (broken curve). The difference between these two results from the slower 
increase of h(O q with £ z0 for the Heisenberg model as compared to the XY-model. For K 2 CuF 4 

(J A = 0) in zero magnetic field (H 0 = 0), Eq. 3.71 yields for the magnon energies on top of the ridge 
(< 7 x0 = 0, q y o = 0) in case of the XY-model {J A 1= 0) 

hco(q z0 ) = 2S y l2zz'J A J' sin(ffzo) 

and in case of the Heisenberg model ( J A = 0) 

fim(q z0 ) = 4 S zf sin 2 (f f z0 ) 


in complete analogy to Eqs. 4.49a and 4.49b. The quadratic dependence of tid) q on £ z0 for the latter 
causes smaller values of Ti(O q for small £ z0 and thus higher scattering intensities / r(l(1 . The experimental 

data in Fig. 4.19 agree well with the calculated data for the XY-model but not with those for the 
Heisenberg model. From Figs. 4.18 and 4.19, it is clear that the diffuse scattering intensity seems to 
diverge for £ z0 —> 0. Since no LRO exists in the 2D XY-model, this high intensity is not identified as a 
Bragg point magnetic intensity but is interpreted as the divergence of % predicted for the 2D XY-model at 
all T<T C (cf. Eq. 4.45). Thus, the experimental data in Figs. 4.18 and 4.19 are in accordance with this 
model. 

When we now look at the other experimental data for T < T c we find that they are not all in agreement 
with the predictions for the ideal 2D XY-model. For example, both compounds, K 2 CuF 4 and Rb 2 CrCl 4 , 
have a Curie-temperature below which they exhibit a 3D LRO with a magnetization M=t= 0 [73H3, 77F2, 
79D3]. Fig. 4.20 presents the reduced magnetization M(T)/M(0) for K 2 CuF 4 as a function of reduced 
temperature T/T c and, for comparison, the sublattice magnetization Tf su bi(T)/A/ subl (0) for K 2 MnF 4 and 
K 2 NiF 4 versus 77 T N . The data for K 2 CuF 4 have been measured independently by two methods, by NMR 
[73K2] and by neutron diffraction [73H3]. In the last section, a finite Curie temperature T c and a 
transition to magnetic LRO has been ascribed to the perturbations of the 2D Heisenberg model (cf. Sect. 
4.1.7), namely the anisotropy fields and the interlayer exchange interaction (cf. Eq. 4.38). And we have to 
keep in mind that Eqs. 4.43-4.48 are theoretical results for an ideal XY-model while all materials 
considered as a realization of this model have usually a finite out-of-plane anisotropy field (J A in K 2 CuF 4 , 
D in Rb 2 CrCl 4 ), an interlayer exchange coupling (J'=t= 0) and an in-plane anisotropy field (P 1=0 in 
Rb 2 CrCl 4 ). It is therefore necessary to extend our consideration to a 2D XY-model with perturbations. As 
a first step, we will discuss the 2D anisotropic Heisenberg model which provides a continuous change 
from the ideal 2D XY-model to the ideal 2D Heisenberg model. The Hamiltonian of this XXZ model is 
usually written as follows 

:// - 2./£ |S i x S| x i Sj x S. x i /.S, Z S. Z | (0 < A< 1) (4.59) 

<u> 
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where the same notation is used as in Eq. 4.2 (Sect. 4.1.1). The parameter A describes an out-of-plane 
anisotropic exchange as introduced for K 2 CuF 4 (cf. Eq. 3.69 in Sect. 3.2.1). In Eq. 4.59, A = 0 corresponds 
to the 2D XY-model and A = 1 to the 2D Heisenberg model. The low-temperature in-plane and out-of- 
plane static and dynamic behaviour of this model with general A are discussed in a number of publications 
[92M5, 93M2, 94P2]. Monte Carlo simulations at higher temperatures [82K3, 86K4, 92M4, 93P2, 95C3, 
96B] yield the A-dependence of T kt . All these results show that T kt decreases only slightly with 
increasing A (cf. Fig. 2 of [86K4], Fig. 2 of [92M4] and Fig. 3 of [96B]) and approaches zero 
logarithmically for A —» 1 as predicted theoretically [76K9, 80H7] 

Tkt (A —»1) ~ | In (1 — A) | _1 (4.60) 

The studies for various values of A outside the range of Eq. 4.60 [92D2, 95C2, 95C3, 96B] confirm that 
even a slight anisotropy (1 - A<< 1) leads still to a Kosterlitz-Thouless transition. For the classical XXZ 
ferromagnet, Cuccoli et al. obtained T kt = 0.561 for A = 0.99. For a S= A- quantum XXZ anti- 

ferromagnet, the corresponding result is T K[ = 0.25 for A = 0.98 [92D2] where we recall that the 
theoretical result ^KT is the same for ferro- and antiferromagnets. A further result of Monte Carlo 
simulations [89G4, 94W] is that for A below a critical value Ac planar or in-plane vortices are stable while 
for A > Ac out-of-plane vortices, i.e. vortices with out-of-plane components, become stable. The value of 
Ac depends on the lattice type. For the square lattice it is Ac = 0.7044 [94W]. From these results, the 
vortices in K 2 CuF 4 (A = 0.99) are expected to have out-of-plane components and thus to be different from 
those in an ideal XY-system [90H]. 

The out-of-plane anisotropy breaks the Heisenberg isotropy but not the symmetry of the 2D XY- 
model or the plane rotator model. But the latter symmetry is broken by an in-plane anisotropy field. Thus 
it is of special interest to undertake theoretical studies of the 2D XY-model with an in-plane anisotropy 
field h p as a perturbation [75V, 77J2, 83L, 86K5, 89G3] where p denotes its p-fold symmetry. For h 2 , i.e. 
a two-fold Ising-like symmetry (p = 2), the Kosterlitz-Thouless phase transition and the formation of 
vortices are suppressed [77J2]. For sufficiently small in-plane anisotropy field and for p>6, two 
transitions are expected. With decreasing temperature, the system will undergo at T - T kt a transition to a 
Kosterlitz-Thouless phase with topological LRO and at T- T c < T kt a transition to an Ising-like ordered 
phase [77J2]. For the perovskite-type layer structures under consideration, e.g. in Rb 2 CrCl 4 (cf. Eq. 3.81 
and Fig. 3.34 in Sect. 3.2.2), the in-plane anisotropy field has 4-fold symmetry which is on the borderline 
between these two cases p < 4 and p > 4. Monte Carlo simulations have revealed that h 4 will probably not 
destroy the topological LRO [83L]. The results of a model simulation for Rb 2 CrCl 4 [89G3] give evidence 

for also two transition temperatures in case of h 4 , 7j = 0.5 and 7 , 2 = 0.8 where T 2 corresponds to ^kt 

while 7J cannot be observed because of the onset of 3D ordering. 

A third type of perturbation of the ideal 2D XY-model is the interlayer exchange coupling. Hikami 
and Tsuneto [80H7] have treated this problem and found that there will be a spontaneous magnetization 
for / ^ 0 


M (T ) ~ (j'/J) n{T)l4 = 


(4.61) 


where r|(7) and K eS (T) have been defined in context with Eqs. 4.47 and 4.48. This magnetization results 
from the fact that close to T c the compound with interlayer coupling will show 3D behaviour as explained 
in the analysis of % above (cf. Eqs. 4.54 and 4.55). For the ideal 2D XY-model with J’ = 0, this will not be 
the case and, accordingly, Eq. 4.61 yields M= 0. Another argument is based on the discussion of the 
magnon dispersion curves of K 2 CuF 4 in Sect. 3.2.1 that for wavevectors smaller than q = (£,«*, 0, 0) the 
system behaves not two-dimensionally but three-dimensionally. Therefore we can expect the behaviour 
according to the 2D XY-model only for lengths smaller than a/£). This will be more elucidated by 
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introducing finite-size effects as they are encountered in all Monte Carlo simulations [79B8, 86B4]. 
Miyashita et al. [78M3, 80M9] have studied the plane rotator model (Eq. 4.41) by the Monte Carlo 
method and focussed their attention on the finite-size effects which become obvious especially for T < T c . 

They introduce a reduced susceptibility % and the average of the square of the magnetization ( M 1 ), both 
as dimensionless quantities. When N is the number of rotators or spins, the size dependence of % and 

(M 2 ) can be expressed as [78M3] 


x ={m 2 )/n=n MT) 


(4.62) 


where a(7) is a new temperature-dependent exponent which is related to r|(7) and K e{{ (T) by 

a(7) = l-Ir|(7) = l-[47^(7)]-' (4.63) 

We recall from Eqs. 4.48a and 4.48b that, in general, K e{{ is renormalized due to the presence of 
vortices. Only for low temperatures, it can be replaced by the spin-wave approximation K =2S 2 J/ k B T. At 
T = 7]ct> the universal values T) = 0.25, X eff = 2 /n and 8=15 imply ii(T KT ) = 0.875. Kawabata and Bishop 

[82K3] have used Eq. 4.62 to evaluate a(7) and r|(7) from their Monte Carlo results. Hirakawa and 
Ubukoshi [81H2] have measured M(II () . T) of K 2 CuF 4 for H 0 || a and determined a(7) and the exponent 
8(7) (cf. Eq. 4.46) from their experimental results for x = dM/dH by means of Eq. 4.62 and by using the 
relations 


5 (T) 


1 + a (T) 
1 —a (T) 


= 8nK eS -1 


or 


a (T) 


mr -i 

5(r) + l 


(4.64) 


which result from the application of the relations for 8 and q in Eq. 4.13 (Sect. 4.1.2) for d = 2. Cornelius 
et al. [86C1] have derived a(7) and 8(T) in a similar way for Rb 2 CrCl 4 . For K 2 CuF 4 , the temperature 
dependence of a(7) derived from the experimental data [81H2] is illustrated in Fig. 4.21 (open circles) 
compared to the result of a Monte Carlo simulation for a 50 x 50 lattice (filled circles). For T —> 0, we 
have a = 1 as expected and for low T, the data agree quite well with the spin-wave approximation (dashed 
line in Fig. 4.21). With increasing temperature, a(7) approaches its universal value 0.875 at the Kosterlitz- 
Thouless temperature 7’ KT . At T K1 , it is expected to drop discontinuously to zero [78M3, 81H2, 82F16, 
82K3, 86C1]. But the experimental as well as the Monte Carlo data in Fig. 4.21 show a drastic but still 
continuous decrease above which is probably due to finite-size effects (see below). It is further 
obvious that x —* 00 at all T< Tkt (Eq. 4.45) is valid only for an infinite system and that Eq. 4.62 agrees 
with that for N —> Also the spontaneous magnetization M which should be zero in an ideal 2D XY- 
system is a finite-size dependent phenomenon. Bramwell and Holdsworth [93B1, 93B2] derived the 
following expression (see also [79T 1 ]) 

M(N, T) ~ (2A0“ T1(7)/4 = (2A) _1/<8ltA:efl ) (4.65) 


where N again is the number of rotators or spins. Further, Eq. 4.65 yields M —> 0 for N —> °° as required 
by the theory for an infinite system. For T<T C , the magnetization M(N, 7) of a finite-size 2D XY-system 
follows a conventional power law M~(-t )P with t as the ordinary reduced temperature t=T/T c — 1 and 
where the exponent (3 has a universal value [93 A, 93B1, 93B2] 
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[3 = 37t 2 /128 = 0.23132 ... (4.66) 

This value of [3 is quite different from the values in Table 7 of the 2D Ising model ((3 = 0.125) and of 3D 
systems ([3 = 0.3 ...). And the meaning of the experimental result was not so clear when [3 = 0.22 was 
determined for K 2 CuF 4 in the range 0.07 < | /1 < 0.3 from neutron scattering experiments [72H2, 73H3, 
90J1] and (3 = 0.24 in the same range from LMB studies [80K2], For Rb 2 CrCl 4 , (3 = 0.23 has been 
obtained in the range T< T c - 0.8 K from neutron scattering data [93A] and (3 = 0.28 from LMB [82K2]. 
A comparison of the experimental values of (3 of a great variety of A 2 MX 4 compounds shows that most of 
these values are either close to 0.125 (2D Ising) or to 0.231 (2D XY) [93B2]. 

Another consequence of the finite size of the system is that there is not only one transition temperature 
but there are three characteristic temperatures [80F17, 93B1, 94B2] 


1) T kt : is to be used in 7 ~T/T kt - 1, %(T) and x(T) for T> T c (Eqs. 4.43 and 4.44). 

2) T*\ at this T, 11(7), K ef{ (T) have their universal values r|(T*) = 0.25, K eS (7 1 *) = 2/jc. 

3) T c : the ordering temperature, to be used in t = T/T c - 1, M ~ (-//' (Eq. 4.66) 

These three temperatures are different because of the finite size of the system [80H7, 93B1, 94B2] 

2 2 


T* = T kt + 


4c(ln LY 


Tc ~ ^kt + 


c(ln L) 2 


(4.67) 


where L = -Jn is a characteristic length of the system, in units of the lattice constant a, and where c is a 
factor to be discussed in more detail in context with Eq. 4.68. T kt , T* and T c are again the 

temperatures measured in units of 2 S 2 J or 25 2 J (quantum systems) as defined in Eq. 4.43a. For an 
infinite system, all three merge into one transition temperature In the temperature range near and 
T*, Bramwell and Floldsworth [94B1] have derived values of the relative spin stiffness X eff for Rb 2 CrCl 4 
from various experimental data, namely from inelastic neutron scattering [8 1H4, 86H2] by means of Eq. 
4.51, from weak field magnetism [86C1] using Eqs. 4.46 and 4.64 and from neutron diffraction [93A] 
employing an inverted form of Eq. 4.65 

X eff =--L[ln(2A)/In M(T)] (4.65a) 

8n 

where M is the magnetization obtained from the magnetic contribution 7 m agn~T7 2 to the Bragg peak 
(0, 0, 4) and A is the number of spins for which an effective value A eff has been inserted (see below). The 
results of this comparison are shown in Fig. 4.22. The data obtained by these different methods agree with 
each other in a convincing way and also with the theoretically derived slope 3X eff / dT at T= T*. Please 
note that the "universal jump" (Eq. 4.48c) is not observed for K e{{ in Fig. 4.22, there is only a drastic 
continuous decrease above T* which has been explained as a rounding resulting from finite-size effects. 
Thus, the data in Fig. 4.22 can be considered as a strong evidence that the interpretation of the 
experimental data in terms of a finite-size 2D XY-model is correct. The analysis of the data for Rb 2 CrCl 4 
yields with respect to this model for the characteristic temperatures assuming that the spins (5 = 2 in this 
case) can be treated classically [81H4, 86C1, 93 A, 95B1] and taking values for J etc. from Table 5 

Rb 2 CrCl 4 : 7j CT =43.4K T* =45.6K 7’ C = 52.4K 

f KT =0.718 T* =0.754 f c = 0.866 (25 2 /= 60.48 K) 
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Bramwell et al. [94B1, 94B2, 95B1] have derived this finite-size 2D XY-model especially for Rb 2 CrCl 4 
on a classical basis. They have used the difference T c T’kt to calculate a value for L = L eff and N = N cn - 
by means of Eq. 4.67 using for the nonuniversal parameter c the following relation [95B1] 


ji 


2 



(4.68) 


where b = 2.12 is the parameter in the exponential temperature dependence of q (Eq. 4.43). In this way, 
they obtained T eff = 100 and N eS ~ 10 4 which are to be compared to experimental data. Neutron scattering 
data show that the correlation length q in Rb 2 CrCl 4 [93 A, 95B1] is not infinite below T c (cf. Eq. 4.45) but 
is nearly constant at a small but finite value {tql a)~ x s 0.0125 (see Fig. 4.23). The value tq/a = 80 may 
then be considered as Z eff in agreement with the above value. It has further already been mentioned in 
context with Eq. 4.61 that 2D XY-model behaviour can only be expected on length scales smaller than 
about (JIJ') 1 2 which is also an estimate for L eS , and JIJ' for ,V efT where J and J are the intralayer and 
interlayer exchange constants. For Rb 2 CrCl 4 (cf. Table 5), this ratio is .//./' = ;V L . IT = 7000, also in 
reasonable agreement with the value calculated from T c and ^KT . Although such a procedure has not yet 
been reported in the literature, let us now use the quantum description for the spin in Rb 2 CrCl 4 and 
replace S by S = 5 + ^ = 4 - Then, we obtain 

Rb 2 CrCl 4 : f KT = 0.459 T* = 0.483 T c = 0.552 (25 V = 94.50 K) 

This value for ^KT fits better to the theoretical results for the quantum XXZ model by Biagini et al. [96B] 
than the classical value although the data for Rb 2 CrCl 4 are with A = 0.93 (A~ 1 - D/2.7) somewhat outside 
the range of their calculation of ^KT . For the quantum treatment, the values for Z eff and /V c ir obtained with 
Eq. 4.67 are the same as above if c is calculated using Eq. 4.68. For K 2 CuF 4 finally, only this treatment is 
justified because of S= j (S = 1). The characteristic temperatures are in this case [72H2, 73H3, 81H2, 
82H5, 82H6] : 

K 2 CuF 4 : T kt =5.50K T* = 5.69 K r c = 6.25K 

f KT = 0.231 T* =0.238 T c = 0.262 (2S 2 J = 23.86 K) 

The value for ^KT of K 2 CuF 4 with A = 1 -J A /J= 0.99 (cf. Table 5) agrees very well with the quantum 
Monte Carlo data of Ding [92D2]. By means of Eqs. 4.67 and 4.68, we obtain L e{{ ~ 60 and N e g~ 3600 for 
K 2 CuF 4 in comparison to JIJ' ~ 5700. 

On the basis of all data discussed in this section, we conclude that the easy-plane compounds K 2 CuF 4 
and Rb 2 CrCl 4 show the critical behaviour of a 2D XY-model according to the Kosterlitz-Thouless theory 
and its complements for finite-size effects, at least in certain wave-number and temperature ranges. The 
corresponding temperature ranges are shown for Rb 2 CrCl 4 in Fig. 4.23. In a small range around T c 
(51 K-55 K), the system exhibits 3D behaviour. At higher temperatures, the experimental data fit well to 
the 2D XY-model (Eqs. 4.43 and 4.44) while at temperatures below 7} finite-size 2D XY-model 
behaviour, together with the 3D ordering, is observed (Eqs. 4.62-4.67) with the finite size determined by 
the interlayer exchange coupling. This finite-size 2D XY-behaviour is also expected for the spin-flop 
phase of uniaxial antiferromagnets. And for the spin-flop phase of Rb 2 MnCl 4 , the analysis of neutron 
diffraction data yields actually [3 = 0.26 [96K, 98K1] close to the 2D XY value (Eq. 4.66). A still 
unanswered question concerns the magnetic contribution to the specific heat (C mag n) where experimental 
data and Monte Carlo simulation data show a sharp spike at a temperature near T c in contrast to the 
theoretical prediction. In one study of K 2 CuF 4 the spike was reported to be analysed [76Y1] a symmetric 
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logarithmic singularity (2D Ising model). Probably, the magnetic specific heat of the 2D XY-model 
exhibits a sharp spike but not necessarily a singularity. But this spike cannot be ascribed to finite-size 
effects since the results of Monte Carlo simulations [89F2, 92G2] show that q and % are sensitive to 
finite-size effects while C ma g n is insensitive to them. 

9.12.4.1.9 Crossover Phenomena 

In the discussion of the magnetic properties of the easy-plane ferromagnets K 2 CuF 4 , Rb 2 CuF 4 and similar 
compounds, a number of crossovers (abbreviated: x-overs) have already been discussed. First examples 
were the magnon dispersion relation t)(o(q) of K 2 CuF 4 (Figs. 3.30 and 3.31 in Sect. 3.2.1) and Rb 2 CrCl 4 

(Fig. 3.35 in Sect. 3.2.2). At certain wavevectors (£) and * n Fig- 3.31) x-overs are observed from 2D 
Heisenberg to 2D XY-model and from 2D XY- to 3D XY-model behaviour. Such x-overs are also 
observable in the temperature variation of M, K. %. We recall from Sect. 4.1.7 that the susceptibility data 
of the compounds (C n H 2n+1 NH 3 ) 2 CuCl 4 with n = 1, 3, 10 and of K 2 CuF 4 in Fig. 4.10 deviate at a x-over 
point from the common curve of the 2D Heisenberg model to higher values [76N2] when the out-of¬ 
plane anisotropy h A = J A /J becomes important, namely to 2D XY-behaviour (K 2 CuF 4 ) or possibly to 2D 
Ising behaviour [(C n H 2n+1 NH 3 ) 2 CuCl 4 ]. In Fig. 4.10, the deviation from is proportional to h A . All 
compounds undergo a further x-over to 3D behaviour when /;[ becomes relevant. Based on the 
experimental data about the critical behaviour of Rb 2 CrCl 4 , Fig. 4.23 shows the x-overs 2D XY 3D 
XY above and below T c at the crossover temperatures T x = 51 K and T x ~ 55 K. Generally, it is an 
indication for a x-over when the usual log-log plot does not result in a straight line. This has, for example, 
been observed for % of K 2 CuF 4 [75D2, 76D5]. One possibility is that the log-log plot yields a completely 
bended curve which is the case for K 2 CuF 4 in the 2D XY-range for T> T c where not a power law is 
expected for % but an exponential dependence (cf. Eq. 4.44). A second possibility is that the log-log plot 
exhibits two or more straight parts with bended sections between them where a x-over happens. This is 
shown for the magnetization M of K 2 CuF 4 [73H3, 90J1] in Fig. 4.24 as obtained from the magnetic Bragg 
intensity I m agn of (0,0,1) reflections (1 = 2, 4, 6, 8, 10, 12). The critical exponent [3 derived from 
/rrngn-M 2 shows a x-over from [3 = 0.22 (2D XY, cf. Eq. 4.66) for 1 1\> 0.064 (T< 5.85 K) to [3 = 0.333 
(3D XY, cf. Table 7) for 1 1\ < 0.064 (T> 5.85 K). For T> T c , x-over phenomena have been observed for 
the susceptibility % and the inverse correlation length K in K 2 CuF 4 [81H2, 82H5, 82H6, 90H] and in 
Rb 2 CrCl 4 [93A]. For K 2 CuF 4 , Hirakawa et al. have determined from these data the x-over temperatures: 


3D XY 2D XY: 

2D XY 2D Heisenberg: 


T x = 6.6 K 
F X = 7.3K 


Using these temperatures and taking also into account the magnetic fields H A = 0.231 T and H' E = 
12.6 mT (cf. Table 5) which are characteristic for the x-overs, they [81H2, 82H5, 82H6, 90H] proposed a 
(T, //(-phase diagram (see Fig. 4.25) with the corresponding x-over lines. It was shown in the preceding 
section that % and K of K 2 CuF 4 agree between T x = 6.6 K and T x = 7.3 K with the theoretical predictions 
for the 2D XY-model (Eqs. 4.43 and 4.44). Below about 5.85 K and for H 0 = 0, where Fig. 4.25 indicates 
3D behaviour the system shows also finite-size 2D XY-behaviour, e.g. with respect to the magnetization 
as discussed above in context with Fig. 4.24. From the x-over temperatures, fields and lines in Fig. 4.25, 
the impression may arise that these are sharp and well-defined boundaries. But it will be shown below 
that this is not so and that there are broad x-over ranges where the system changes gradually from one 
type to another. Thus, x-over temperatures and fields are not unique quantities but depend on the 
definition used in the particular case. They should be taken as a good estimate and not as a rigorous value. 

After this introduction with examples, let us enter now into a more systematic treatment of the x-over 
phenomena. Since the critical properties depend on the lattice dimension d and then spin dimension n (cf. 
Sect. 4.1.1) two kinds of crossover have to be distinguished [76J1], namely 
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1) a lattice dimensionality crossover, e.g. a d = 2 to d=3 (2D ■o 3D) x-over 

2) a spin dimensionality crossover, e.g. a n = 2 to n = 3 (XY Heisenberg) x-over 

In the example K 2 CuF 4 , both types of x-over have been observed, namely at T x =6.6 K a lattice 
dimensionality one and at T x = 7.3 K a spin dimensionality one. Theoretical considerations [72L1, 73L4, 
7614, 78N2] treat usually the lattice dimensionality 2D <-» 3D x-over in the Ising model because the 2D 
Ising model undergoes a well defined phase transition. Liu and Stanley [72L1, 73L4] have discussed this 
case (see Fig. 4.26). Fig. 4.26a shows the transition temperature T c as a function of the relative interlayer 
coupling /= J'/J in a (/', 7)-phase diagram which separates the magnetically ordered regime from the 
paramagnetic one. r c (0) > 0 is the transition temperature of the 2D Ising system. For / > 0, the system 
behaves as a 3D Ising one, at least for temperatures close to the transition, while its behaviour is 2D Ising- 
like at higher temperatures. The 3D Ising region is separated from the 2D Ising region by the slightly 
shaded x-over range in Fig. 4.26a. Its limits are marked as T A (j') = T oxn (j') and The scaling 

hypothesis predicts that all curves T m (f ) [m = A, B, C etc.] approach T c (0) according to a power law 

T m (j')-T c (0)~(jy* (4.69) 

where (f» is the crossover critical exponent (Ising model: <(> = 1.75). We note that Eq. 4.69 is only 
meaningful for the considered Ising model. It has already been mentioned in context with Eqs. 4.18 and 
4.33, i.e. critical amplitudes A ~ (/?a) 1/2 and Kq ~ ( h A ) 1/4 , that weakly anisotropic antiferromagnets show 
Ising-like critical behaviour but the limit h A —» 0 does not lead to meaningful results because the 2D 
Heisenberg model does not undergo any phase transition for T> 0 (cf. Sect. 4.1.7). For h A —> 0, the 
behaviour of the system depends on other perturbations of the ideal 2D Heisenberg model like h' E or h A 

(cf. Eq. 4.38). Returning to the more lucid x-over phenomena in the Ising model, we introduce the 
definition for T p (p = 0.01, 0.1 etc.) [72L1] based on the susceptibility data in order to have a quantitative 
measure for the temperatures in the x-over range instead of merely qualitative estimates 

%(7p>/)/ X(Tp, 0) - 1 =p (4.70) 

Such a definition of T p could also apply to other magnetic properties like the magnetization M or the 
magnon energies Ti(o(q). In addition to T A (j') = T oxn (j'), in Fig. 4.26a is also presented T 0A (J') which is 
nearly in the center of the x-over range and which could be used as a definition of T x . For a certain fixed 
value j[ of/ as an example (see dotted line in Fig. 4.26a), the reduced susceptibility Xo * s drawn 

schematically together with /(0)//o of the 2D Ising model in the Fig. 4.26b where Xo = C/T is again the 
susceptibility of a noninteracting system. The susceptibility %(j[) diverges at the transition temperature 

T c {j[) while j(0) diverges at T c (0). Fig. 4.26c finally shows the susceptibility log-log plot. The straight 
lines correspond in the range [T < 7’ B (/()] to the 3D Ising critical exponent y= 1.25 (cf. Table 7) and in 
the range \T > 7’ A (/j’)| to the 2D Ising critical exponent y= 1.75. Between T A (/]’) and T B (j{) is the x- 
over range. Thus, the three parts of Fig. 4.26 illuminate the various aspects of a 3D 2D lattice 
dimensionality x-over of an Ising system. It was already mentioned that the Cu-compounds 
(C n H 2n - iNH ! ) 2 CuCI 4 show Ising-like critical behaviour for T>T C , as for example the susceptibility 
experimental data of the compounds with n = 1 and n = 10 [76J1, 78J] with the expected 3D 2D x-over 
(see Fig. 4.27). 

Another useful treatment is the description of the lattice dimensionality crossover by means of a 
Taylor expansion with/ =J'/Jas the expansion parameter. For the susceptibility %, this expansion reads 
[72L1, 73L4, 76J1, 76J2, 78N2] 
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X(f ) = X W ( 0 ) + X ( ' ] ( 0 ) ■j'+lx (2) ( 0 ) • (j'f + ■■■ ( 4 . 71 ) 

where ^ n) (0) = 3 n ^/(3/) n I j'= 0 is the n = th derivative of X with respect to f. Its asymptotic behaviour is 
[72K, 72L2] 


(1 -T c (0)/T)-* n) for r->r c (0) (4.72) 

with Y(n) = y 2D + ncf) (Ising model: y 2D = 1-75 and x-over exponent <|>= 1.75). We can now identify from 
Eq. 4.71 first x(j’) = X 3D and ^ <0) (0)=^ 2 d as the susceptibilities for the 3D and the 2D regime, 
respectively. The first derivative ^ 1 Y0) has been determined by Liu and Stanley [72L1, 73L4] and reads 
in the reduced form xjXo 


^ (1 »(0)/j 0 = 2z'(J/k h T) ■ [* (0) (0)/* 0 ] 2 (4.73) 

Neglecting the second order term in Eq. 4.71 and combining the results of Eqs. 4.71 and 4.73, we obtain 
finally 


Z3d/ Xo ~ X2d/Xo + (2 z'f / k B T) ■ (XmlXoY (4-74) 

As a consequence of Eq. 4.74, the deviation of j 3D fr° m Xzn depends on the sign of J. We should also 
note that a x-over behaviour is better to observe for ferromagnetic intralayer exchange coupling ( J> 0) as 
in the Cu- and Cr-compounds. Then, X will diverge towards T c and will give rise to pronounced crossover 
phenomena. For antiferromagnetic intralayer coupling (J < 0), on the other hand, % stays finite through T N 
and crossover phenomena will hardly be observable [76J2] . The statement of Eq. 4.74 has quantitavely 
been confirmed by a theoretical calculation for the susceptibility of an 5=1/2 Ising model with a 
2D •o 3D lattice dimensionality crossover [78N2], from a square to a simple cubic lattice. The results are 
reproduced in Fig. 4.28 assuming ferromagnetic intralayer exchange coupling (J > 0) which is favourable 
for the observation of x-over effects. The center curve (heavy line in Fig. 4.28) is the common Xzd curve, 
an exact result for the 2D Ising model, from which the Xm curves deviate at the x-over to 3D-behaviour, 
i.e. to larger x^X values for ferromagnetic interlayer coupling (curves 1, 2, and 3 in Fig. 4.28 with 
///=+0.05, +0.1, and +0.2, resp. and X '■ see Eq. 3.28a in Sect. 3.1.3). The deviation is negative, on the 
other hand, for antiferromagnetic interlayer coupling (curves 4, 5, and 6 with JIJ= -0.05, -0.1, and -0.2, 
resp.). For these antiferromagnets, the shown susceptibility is X\ (X\\/X) which displays a maximum 
above T K (arrows in Fig. 4.28) which is typical for quasi-2D antiferromagnets (cf. Figs. 3.9 and 3.12 in 
Sects. 3.1.3 and 3.1.4). In the experimental susceptibility data, these effects are expected to be observed 
for the Cu-compounds (C n H 2n+1 NH 3 ) 2 CuCl 4 since they have the required ferromagnetic intralayer 
coupling. And in accordance with Eq. 4.74 and with the Ising model calculations (cf. Fig. 4.28), the 
experimental ^-curve of the compound with n = 1 (see Fig. 4.29) deviates from the common 2D curve to 
higher values because of ferromagnetic interlayer coupling [76J1, 78J] and the deviation is negative for 
n = 2 and n = 3 because of antiferromagnetic interlayer coupling. For the antiferromagnets (n = 2 and 
n = 3), the susceptibility X passes through the above mentioned maximum above T s . It should be noted 
that Xi also typical for an antiferromagnet is not shown in Fig. 4.29. 

An expansion of the form Eq. 4.71 can be made for any thermodynamic function of the system near a 
lattice dimensionality x-over. For the magnetic contribution C mag n to the specific heat, such expansion 
reads, following the literature now with h' E = z'J'/zJ = (z / z)j' as the expansion parameter [77B3] : 

Cmagntffi) = ^(0) + C^ gn (0) • h' E +1(^(0) ■ {h' E ) 2 + ... (4.75) 
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where C^ gn is the n = th derivative of C magn with respect to h' E . In case of the specific heat, the first 

derivative vanishes [72L1, 73L4, 76J2] and the x-over behaviour is determined by the second derivative. 
In a reduced form, we obtain [73L4, 77B3] 

[C^gn-C^J/C^ =^,[CS gn (0)/C^ gn ]-(^) 2 ~(z'J'/k B T) 2 -(Xid/Xo) 2 (4-76) 

where C^ gn = C msgn (/i E ) and C„ agn = C ^ g „ ( 0). The second derivative of C magn diverges as 

[ 77 r c ( 0 )-l ]-“2 for T-^T C ( 0) (4.77) 

with a 2 = a 2D + 2<() where a 2D and 4> are the specific heat critical exponent of the 2D system and the 
x-over exponent, resp., (Ising model: a 2D = 0, 4> = 1.75). In contrast to the susceptibility % (cf. Eq. 4.74 
and Fig. 4.28), the specific heat is always increased by the 3D influence of h ' E , independent of the sign of 
./'and h E (Eq. 4.76). By means of Eqs. 4.75 and 4.76, Bloembergen has determined the 2D 3D x-over 
temperature T x for a number of Cu-compounds and has also calculated the values of 
( z’J’/k B T x ) 2 • Cfco/^o) 2 ' i- e - the essential factors in Eq. 4.76 with T = T x , using the known experimental 
data of these compounds from various sources. In context with Fig. 4.10 (Sect. 4.1.7), it was mentioned 
that the out-of-plane anisotropy has also a considerable influence on the critical properties and the x-over 
phenomena. Therefore, Bloembergen [77B3] has further performed an extrapolation of the transition 
temperature T c and the x-over temperature T x to the case h A = J A i J = 0 for the Cu-compounds. In this 
ideal case, T c and T x depend only on h' E . All these data are compiled in Bloembergen’s Table II [77B3]. 


9.12.4.1.10 3D XY-Model - Structural Phase Transitions 

The structural phase transitions of perovskite-type layer compounds are dealt with in detail in Sect. 2.2. 
Also for these phase transitions, the critical properties have been studied and critical exponents and 
amplitudes determined. These will be discussed in this section separately from the magnetic phase 
transitions. The general and universal aspects are the same in both cases but the system-dependent 
parameters, e.g. the order parameter, are different. Since the lattice dynamics of these compounds show 
3D behaviour as outlined in the introduction (Sect. 1.2), we expect also for the critical properties of the 
structural phase transitions 3D behaviour while the magnetic properties exhibit predominantly 2D 
behaviour. The sequence of structural phase transitions and parameters like the critical temperatures are 
listed in Table 4. For the compounds (CH 3 NH 3 ) 2 MCl 4 with M = Mn, Fe, we will concentrate on the 
continuous transition between the tetragonal high temperature (THT) and the orthorhombic room 
temperature (ORT) phases. In context with the step-wise ordering of the (CH 3 NH 3 ) + -ions in the course of 
the phase transitions, three order parameters r\ 3 , r) 2 and q 3 have been defined in Sect. 2.2.4. For the 
transition THT ORT, q j and t| 2 are the essential order parameters, and we recall from Sect. 2.2.4 that 
there has been some controversy about the role of q 3 . In this section, we will limit our considerations to 
T|! and t] 2 . The model considerations there lead to a Landau-type free energy (cf. Eqs. 2.33 and 2.37) 
which will be reproduced here in a somewhat modified form as used especially for discussing the 
properties of Fe-compounds [82G1, 82Y2, 83S1, 84Y1] 

U = a(qf +111) + yOlf + tl2) + c +y[(Vr|i)- + (Vq 2 )-]-yS6 6 Cg a 6 Olf -r l2) (4-78) 

where also included is the elastic C 66 mode and its coupling to the order parameter (cf. Eq. 2.36 in Sect. 
2.2.4). In Eq. 2.36, this is described by the elastic strain e 6 (6 = a'qV ( i ) and the elastic constant C Mv But in 
Eq. 4.78 completely analogous to Eq. 2.36, the elastic stress C 6 , the field conjugate to the strain e 6 is used 
and, correspondingly, the elastic compliance S 66 where for the compounds under consideration 
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o 6 = C 66 e 6 and e 6 = S 66 cr 6 (4.79) 

In Eq. 4.78, S$ 6 means the value of the elastic compliance without coupling to q, and q 2 . With respect to 
the THT ORT phase transition, it was shown in detail in Sect. 2.2.1 that the C M , elastic mode softens in 
the THT-phase when the temperature approaches the critical temperature Tca from above. If Cgg —> 0 for 
T —> T cx , its inverse S 66 will diverge. The two order parameters Pi and q 2 in Eq. 4.78 correspond to a 
two-component spin (n = 2, cf. the discussion in context with Eq. 4.2 in Sect. 4.1.1). Therefore, this 
system is expected to exhibit the critical behaviour of the 3D XY-model [78B8, 78C4, 82G1, 82Y2, 
84Y1]. The experimentally determined critical exponents (see Table 6) should be compared to the 
theoretical values which are listed in Table 7 in Sect. 4.1.1 and will not be repeated here. In addition, the 
universal ratio A + /A~ of the specific heat critical amplitudes may also be compared to experimental data. 
Its theoretical value A + / A~ = 1.05 is an average of the values calculated by different methods, see Table II 
of [76B6]. 

The determination of critical exponents and amplitudes with respect to the structural phase transitions 
follows closely the lines presented in Sects. 4.1.3—4.1.5. Since the perovskite-type layer compounds 
undergo in general more than one structural phase transition with critical temperatures Ten (n=l,2, 3, 
...), the reduced temperature (cf. Eq. 4.1 in Sect. 4.1.1) is defined here correspondingly as 

tn = (T~T Cn )/T Cn (n = 1, 2, 3, ...) (4.80) 

where the subscript n will only be omitted in those cases when a compound undergoes only one phase 
transition. Most transitions are accompanied by an anomaly in the specific heat C p as shown in some 
examples in Figs. 2.19 and 2.20 in Sect. 2.2.1 and as listed Table 4. In this section, we will concentrate on 
such investigations where the critical properties of C p are determined. Since the specific heat 
exponent a is practically zero for the 3D XY-model (cf. Table 7), C p will show a logarithmic singularity 
also in this case. This is illustrated for the THT <-» ORT phase transition of (CH ? NH 3 ) 9 FeCl 4 at 
Tcx = 332.5 K in Fig. 4.30. After subtraction of the background specific heat C Pi o due to lattice vibrations, 
the anomaly of the specific heat has successfully been fitted to [82G1] 

AC P = C p - C p , o = R [A 1 | In | q 11 + D±| (4.81) 

thus confirming the logarithmic singularity at Tca- As in Sect. 4.1.3, the superscripts "+" and " mean 
T> T cl (q > 0) and T< T cl (q < 0), respectively. The fit parameters A + , A~, D + and D~ are listed in Table 
6. In other cases, the background specific heat was approximated by a function linear in t as assumed also 
in the magnetic case (cf. Sect. 4.1.3). Therefore, the same expressions can be used for a fit to the 
experimental data. We have only to replace t by t n and obtain for a logarithmic singularity (a = 0) at Ten 
(cf. Eq. 4.17) 

C p = R [A* | In | ^ | | + D 1 + E t n ] (4.82a) 

and for determining also a + and a - (cf. Eq. 4.16) 

Cp = R [(AftaP) • (I t n r a± -1) +D ± + E t n ] (4.82b) 

where again "+" refers to T> T Cn (t D > 0) and to T< T Cn (t n < 0). Eqs. 4.82a and 4.82b have especially 
been employed for the analysis of the specific heat data of (C 2 H 5 NH 3 ) 2 FeCl 4 [84Y1] where both 
transitions, THT ORT and ORT OLT, are continuous and have been studied with respect to their 
critical properties. For both Fe-compounds, the specific heat critical data (cf. Table 6) obtained for the 
THT ORT phase transition (T cl = 332.5 K and 377.5 K, resp.) agree quite well with the theoretical 
predictions for the 3D XY-model (cf. Table 7 and [76B6]) and could well be analysed with Eq. 4.81 or 
Eq. 4.82a. A different behaviour has been observed for the ORT ■o OLT phase transition of 
(C 2 H 5 NH 3 ) 2 FeCl 4 (T C2 = 203.5 K). Therefore, the specific heat data are also analysed with Eq. 4.82b and 
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values a + = 0.068 and a - = 0.26 are obtained. The ratio A + /A~ is far from the value 1.05 for the 3D XY- 
model, namely 0.232 for a = 0 and 0.343 for a 1 a ^ 0. Since the ORT'OOLT transition is 
accompanied by a dielectric anomaly [83S1], the critical behaviour of the specific heat at this transition is 
explained by the influence of electric dipole-dipole interactions. Including these, a critical amplitude ratio 
A + /A~ = 0.25 is theoretically predicted [78N4, 84Y1] which agrees quite well with the experimental data. 

The order parameter critical exponent (3 can be determined, as in the magnetic case (cf. Sect. 4.1.4), 
by neutron diffraction from the intensity of a superreflection in the low-symmetry phase (cf. Sect. 2.1.4 
and Fig. 2.12). This intensity is proportional to the square of the order parameter (cf. Eq. 4.20 in Sect 
4.1.4) 


superreflection (h, k, 1): I~ \ t n I 2 * 3 (t n < 0) (4.83) 

A second possibility for determining (3 is linear birefringence (LB) where An is zero in the high symmetry 
phase, e.g. THT, and nonzero in the phase of lower symmetry, e.g. ORT. As in the case of neutron 
scattering (Eq. 4.83), the result An of the measurement is proportional to the square of the order parameter 

An~|/ n | 2P (4<0) (4.84) 

Among others, also the Cu-compounds (CH 3 NH 3 ) 2 CuC 1 4 and (C 2 H 5 NH 3 ) 2 CuC 1 4 were studied by linear 
birefringence [79K3]. Their structural phase transitions Bbcm P12,/c l are expected to be continuous. 
However, they are slightly discontinuous due to the coupling of the order parameter to elastic strains 
[69L3] and a first order jump of An at the critical temperature (cf. Figs. 1 and 2 of [79K3]) 

A n(T Cn ) (4.84a) 

is reported for these compounds. Further, the values for the critical exponent (3 obtained by this LB 
investigation are considerably lower than expected for the 3D XY-model. This may be due to two 
reasons. Firstly, the experiments on single-domain samples involve a symmetry-breaking uniaxial stress 
[74A2] and, consequently, Ising-like critical behaviour. Secondly, the proximity of the tricritical point 
(TCP) causes a drastic reduction of [3 [79A], similar to the result (3 = 0.18 obtained for RbCaF 3 by Buzare 
et al. [79B11]. In addition to LB measurements. Kind et al. [81K3] have used a third method for 
determining directly the order parameter. On partly deuterated diammonium compounds 
[ND 3 (CH 2 ) n ND 3 ]MCl 4 with M = Mn, Cd and n = 3, 4, 5, they performed 2 D-NMR-NQR measurements 
near the phase transitions and determined the temperature dependence of the order parameter q which is 
related to the orientations of the [ND 3 (CH 2 ) n ND 3 ] chains, i.e. q = 0 if the two orientations are equally 
populated and q ^ 0 if one orientation is preferred. Thus, they obtain 

q~|t n |P (4.85) 

In this way, they studied the continuous phase transitions of the Cd-compounds with n = 3 (T c = 370 K) 
and n = 5 (T cl = 333 K) and of the Mn-compound with n = 4 (T c = 377 K). The resulting data for (3 are 
compiled in Table 6. 

The softening of and the divergence of ■S' 44 at Tci offers also the possibility to study the critical 
properties of the system as outlined in the reviews by Rehwald and Liithi [73R1, 81L]. The experimental 
data S Ml near T C] for (CH 3 NH 3 ) 2 FeCl 4 are shown in Fig. 4.3 la which exhibit the increase of S 66 towards 
T cx in the THT-phase [82G1]. Fig. 4.31b presents the log-log plot of AS 66 versus q which indicates that 
the critical behaviour of S 66 can be described by a power law 

AS 66 = A 66 -5 6 ° 6 =A 6 + 6 (qr p (4.86) 
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for T> Tci (h > 0) and where S gg is the critical amplitude. The critical exponent p is related to the 

specific heat exponent a and the crossover exponent 4> [76M5]. According to the scaling hypothesis, the 
free energy can be written in a scale-invariant form as [74A2, 82G1] 

G(t u o 6 ) = (t l ) 2 - a -F[ ( j 6 /(t i n (4.87) 

where F is a scaling function, homogeneous in o ( J{t\f\ where (|) is the crossover exponent. With 
A S 66 = d 2 G /3<Jg, we obtain for the exponent 

p=2(]) + a-2 (4.87a) 

2 2 

It follows from Eq. 4.78 that a 6 couples to the order parameter fluctuations (rh— t| 2 )- An ultrasonic 
stress Og propagating in the v 0 -direction and polarized in the y () -direction will act as a symmetry breaking 
field [74A2, 75B7]. And for a sufficiently large c 6 , the two order parameters T|, and r| 2 will no longer be 
equivalent and the system may show a crossover to an Ising-like behaviour [74A2]. Theoretical values of 
the crossover exponent are for the 3D XY-model cf> = 1.20 [76M5] and (|)= 1.16 (e-expansion, n = 2 and 
e = 4-d = 1) [72W3, 82G1]. Thus, we expect values for p between 0.32 and 0.40 and we gather from 
Table 6 that the experimental value is p = 0.42 in good agreement with the theoretical predictions. The 
critical behaviour of the sound attenuation at Tex has also been studied for (CH 3 NH 3 ) 2 FeCl 4 and 
(C 2 H 5 NH 3 ) 2 FeCl 4 [82Y2, 83S1]. These results will be discussed in context with dynamic critical 
properties in Sect. 4.2.2 below. 

Summarizing this section, we may conclude that the critical behaviour at the structural phase 
transitions of perovskite-type layer compounds is three-dimensional without any quasi-two-dimensional 
features as the magnetic phase transitions and it is, except for same special cases, that of the 3D XY- 
model. 


9.12.4.1.11 Critical Behaviour near the Percolation Threshold 


In diluted ferro- or antiferromagnets of the type A 2 M x M[. x X 4 with paramagnetic M 2+ -ions and 

diamagnetic M -ions as discussed in Sect. 3.3.2, we expect some influence of the concentration x on 
the critical behaviour, especially near and below the percolation concentration x p . As can be seen in Fig. 
3.48 (Sect. 3.3.2) for the systems K 2 Mn x Mg,_ x F 4 , KMn x Mg!_ x F 3 and K 2 Co x Mg|_ x F 4 as examples, the 
critical temperature 7 n(x) decreases from T N (1) at x = 1 to r N (Xp) = 0 at x = x p . That means, we have in a 
(T, x) phase diagram a line of second order phase transitions which ends at the point (T= 0, x = x p ). 
Below this line, the system is ordered, antiferromagnetically in this case, and disordered above this line. 
The approach of the line T c (x) to (T= 0, x = x p ) is different for Ising and Heisenberg systems where T c is 
the critical temperature in general. Theoretical considerations [75S3, 77L4] yield for x > x p but close to x p 


T c (x) ~ | In (x - x p ) | 1 (Ising model) 

T ( (x) ~ (x - Xp) 1 !* (Heisenberg model) 


(4.88) 


where ()) is the percolation crossover exponent introduced below in context with the critical properties. 
The point (T=0, x = x p ) is a multicritical point with a multicritical behaviour in its neighbourhood 
[77S8]. A more detailed and more rigorous introduction to this field, i.e. percolation theory, critical 
behaviour at the percolation threshold and examples of experimental data, can be found in a number of 
reviews which not all can be listed here but only some of them, e.g. about the early approaches to the 
percolation problem [71S3, 72E], about more recent concepts and results [79S7, 80E3, 83S10, 84B4, 
85S2, 92S6], and about the relation between fractals and percolation [86S4, 87H3, 90C2, 9211, 94N]. 
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Here, only the basic facts will be given for the multicritical behaviour near the point (T= 0, x = x p ). It 
may be approached along two essentially different directions [77S8] 

a) on the concentration axis x —> x p at T= 0 where the system exhibits pure geometrical or percolation 
critical behaviour with the percolation critical exponents a p > Pp- Y P , 5 P , V p etc. This behaviour can be 
expected for very low temperatures. 

b) for T —> 0 and x = x p , the system will exhibit pure thermal critical behaviour with the thermal critical 
exponents a T , P T , y x , S T , v x etc. 


Approaching the multicritical point on any path with x < x p , a crossover from thermal to geometric critical 
behaviour will occur, governed by the percolation crossover exponent 4>: 

v p /v x = (|) Y p /Yt = ( I ) t| p = t1t = t 1 (4-89) 

For Ising systems, the theoretical value of the crossover exponent is ((>=1.0 for all lattice dimensions 
1 <d<6 [75T4, 78W3] while for 2D Heisenberg systems 4> = 1.7 was reported [76S7]. That means that 
for Ising systems the critical behaviour is independent of the path on which the multicritical point is 
approached. 

The thermal exponents in b) are defined in the same way as introduced in Sects. 4.1.1-4.1.5. And all 
relations between them including the scaling relations (cf. Eqs. 4.3a and 4.13) apply to them, also the 
relations for their experimental determination (Eqs. 4.16, 4.20, 4.32, and 4.32a). These thermal exponents 
at the percolation point (7’= 0, x = x p ) are marked with a subscript "T" since they are not necessarily equal 
to those at (T N (1), x=l) [78Y4, 79S6] which are presented in Sect. 4.1.1-4.1.5 without a subscript. 
According to the Harris-criterion [74H5], we will have different situations for positive or negative 
specific heat exponents a of the pure or random exchange system (see REIM in the next section). 

The definitions of the percolation critical exponents in a) are different since their theoretical 
foundation is entirely based on probabilistic arguments and on geometrical quantities like cluster sizes 
and cluster distributions. The quantities needed for introducing the percolation critical exponents are (see 
for example [80E3] 

1) the pair connectedness function C 2 (r, x): 

C 2 (r, x) is the conditional probability that at a distance r from an occupied site is another site occupied 
and in the same cluster. Experiments [80B1] suggest that the spatial Fourier transform of C 2 (r, x) has 

the form C 2 (q, x) ~ (q 2 + k g (x)] 1 (Lorentzian). Thus in two dimensions 

C 2 (r, x)~K 0 (k g r) -> ( k g r)~ m exp(- k g r ) (4.90) 

where K 0 is the zeroth order modified Bessel function or Macdonald function and the expression 
behind the arrow its asymptotic behaviour for large r. 

2) the geometrical correlation length <g (l (x): 

Its inverse K Cl (x) = c, G (x) appeared already above in context with Eq. 4.90, <g G (x) is the RMS distance 
of a particle from the origin which is connected to the origin 

£ g (x) = Kg(x)~(x p -x)‘ Vp x > x p (4.91) 

The critical behaviour, especially of E, G , was studied by Stinchcombe [79S6] for bond- and site-diluted 
S= 4- Heisenberg and Ising magnets. 
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3) mean size .S'(x) of finite clusters below the percolation threshold: 

S(x) is also related to C 2 (r, x) [77R], it is equal to C 2 (q = 0, x): 

5(x) = JJ C 2 (r , x) dr ~ (x p - x)~ Yp x -> x~ (4.92) 

Cluster sizes in general and the mean size S( x) are elucidated for x = x p by the results of Monte Carlo 
simulations [76L5]. 

4) percolation probability/ > (x): 

P(x) is the fraction of occupied sites that belong to the infinite cluster above threshold: 

R(x)~(x-x p ) Pp x-> X ; (4.93) 

P(x) is proportional to the magnetic moment per site jj. 0 (x, 0) for zero external field (cf. Eq. 4.95 
below). 

5) Mean number K(x) of finite clusters of any size: 

This number is proportional to the free energy of the system and therefore 

K(x)~ (x p -x) 2_ap (4.94) 

since each cluster contributes k B T ■ In 2 to the free energy. 

6) Field dependence of the magnetic moment at x = x p : 

The magnetic moment per site in an external field H 0 is jj(x. h) where h = 2\x B H 0 /k B T. For x = x p the 
magnetic moment is 


Pc W~h m > (4.95) 

Eqs. 4.90-4.95 summarize the definitions of the percolation critical exponents as we will need part of 
them below for the discussion of experimental data because their analysis and interpretation is based on 
some of these definitions. An alternative form of definitions is due to D. Stauffer [79S7, 85S2, 92S6]. Fie 
considers in detail the clusters in the diluted magnet. Their size is s, i.e. the number of occupied sites in 
the cluster, and njx) is the size distribution, i.e. the number of clusters with size s at the concentration x. 
As already mentioned in Sect. 3.3.1 in context with paramagnetic centres, « s (x) is the probability for 
having an s-cluster at the concentration x, i.e. «i(x) = x(l - x) 4 for s = 1 and 4x 2 (l - x) 6 for s = 2. In terms 
of the cluster size s and the cluster distribution /7 s (x), the percolation critical behaviour can be expressed 
as 


Z 

S 

I 

s 

I 


« S ( X ) 

S-«s(x) 


I 2-a n 


sing 


-i sing 


s- -rt s (x) 


X-X„ 


x — x„ 


-ising 


(4.96a) 

(4.96b) 

(4.96c) 


Landolt-Bornstein 
New Series III/27J3 









Ref. p. 485] 


9.12.4 Critical Phenomena 


385 
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■« S (Xp)' 


-hs 


/7 I/5 P 


(4.96d) 


To these definitions, Eq. 4.91 (^q~ |x-x p | Vp ) has to be added for completing the set of critical 

exponents. In Eqs. 4.96a-4.96d, the subscript "sing" denotes the leading nonanalytic part. Stauffer has 
further introduced two new exponents for describing the scaling behaviour of « s (x) 

n s (x) ~ s _Ip /[(x - x p ) ■ s° p ] (4.97) 

where /(z) is a scaling function with /(0) = 1 so that the cluster distribution at the threshold becomes 
n s (x p ) ~ s Ip . Combining Eq. 4.97 with Eqs. 4.96a-4.96d, the new exponents G p and T p can be written in 
terms of the other percolation exponents 

ip=2 + 5p 1 Op=(P p 5p)“ 1 =(Pp+y p )“ 1 =A; 1 (4.98) 

and, in addition to Eq. 4.98, the exponents a p , p p , y p etc. also obey the sealing laws [75D4], e.g. 
A p = P P + y p = P P 8 P and r) p = 2 - y p /v p , as introduced in Eqs. 4.3a and 4.13 for the thermal exponents a, P, 
y etc. of the pure system. 

A diluted magnet near the percolation threshold can be considered a fractal. A definition of a fractal 
was given by Mandelbrot. An introduction to fractals and their application in physics can be found in 
monographs by Mandelbrot and by Feder and Aharony [77M4, 82M7, 89M5, 90F3]. The application of 
the concept of fractals to the percolation problem has contributed significantly to the understanding of 
these phenomena. The aspects of the percolation clusters as fractals are discussed in [84M5, 84M6] and 
also in a number of reviews [79S7, 87H3, 90B5, 90C2, 9211, 94N], in some of them in a different context 
since fractals and percolation theory are not only useful for dilute magnetic system but also for diffusion 
and conduction or transport in disordered media. With respect to the critical properties near the 
percolation threshold, two properties of fractals are most important: 

1) the self-similarity in fractals 

2) a unique non-integer fractal dimension 

Fractals are classified as deterministic if the self-similarity is exact and as random if it is considered as the 
average. And percolating systems are an example of the latter case, a random fractal. Stanley et al. [76S7, 
77S7] have studied cluster shapes at the percolation threshold and pointed out the relation to fractals. 
Kapitulnik et al. [83K9] have shown by Monte Carlo simulations that the infinite cluster for x > x p is 
homogeneous on large length scales (r » <g G ), i.e. the apparent dimension is d (=2). On shorter length 
scales (r«£ G ), this cluster is self-similar and has a fractal dimension D f <2. Stauffer [79S7, 85S2, 
92S6] introduces for the description of the clusters their radius R s and their density profile D s (r). The 
latter is the probability that a lattice site at a distance r from the centre of mass of a s-cluster belongs to 
the cluster. The scaling form of the radius and of the density profile is 

R s ~s° pVp R[(x-x p )-s 0p ] (4.99a) 

D,(r) ~ s~ 1/Sp 5 [r /s apVp , (x - x p ) • s° p ] (4.99b) 


where R and D are homogeneous scaling functions and r is measured in units of the lattice constant. 
For percolation clusters at x p , the density profiles Z) s (r) are all similar (self-similarity) [79H3] and depend 


Landolt-Bornstein 
New Series III/27J3 





386 


9.12.4 Critical Phenomena 


[Ref. p. 485 


mainly on the ratio r /s° pVp , or equivalently on s/ r 1/t5pVp . Because of this similarity, the exponent 1 / a p V p 
can be considered an effective dimensionality and is defined the fractal dimensionality 

D f = (OpVp) -1 = d - [3p/Vp = Ap/Vp (4.100) 

where the various expressions for D f result from an application of the scaling relations Eqs. 4.3a, 4.13 and 
4.98. For x = x p , the cluster radius becomes R s ~ s CTpVp or s~ R s Df (cf. Eq. 4.99a). It will be shown below 
in Eq. 4.102, that the theoretically calculated exact value of D f is 91/48 = 1.896 in 2D systems. Monte 
Carlo simulations yielded D f = 1.900(9) [83K9], D f = 91/48 ± 1% [83M5] and D f = 1.88(2) [86N2], thus 
confirming the definition Eq. 4.100. Larssen [87L2] derived a possibly exact fractal dimension from 
conformal invariance D f = (100 - n 2 )/48 where n is an integer and which is to be applied not only to our 
problem (n = 3) but also to other fractal systems. The experimental determination of the fractal dimension 
of a diluted antiferromagnet near the percolation threshold, e.g. Rb 2 Co x Mg 1 _ x F 4 , is based on the above 
mentioned fact that the system appears to be homogeneous on length scales larger than geometrical 
correlation length g (l and to show fractal properties for lengths smaller than g (l . That means the intensity 
of elastic neutron scattering at an antiferromagnetic superreflection, e.g. (1,0,0), will be different for q 

smaller or larger than k g = t; G [8701, 931, 9414] 


q<K G I(q) ~ 8(K— Q 0 ) 

q>K G I{q)~q^< 


(4.101) 


where q = K-Q 0 and Q 0 the reciprocal lattice vector of the antiferromagnetic superreflection. By 
studying elastic neutron scattering near the antiferromagnetic (1,0,0) superreflection from 
Rb 2 Co x Mg 1 _ x F 4 with x = 0.60, 0.65, 0.70, Ikeda et al. [931, 9414] have determined the fractal dimension 
of this percolating system (cf. Table 6) 


D f = 1.95(7) 

in good agreement with the theoretical predictions. For calculating k g , they have used Eq. 4.91, i.e. the 
relation k g ~|x-x p | Vp with v p = 1.333 (see Eq. 4.102 below). An earlier definition of an effective 

cluster dimensionality by Stanley et al. [76S7, 77S7] D p = Yp/v p leads to a smaller theoretical value 
D p = 86/48 = 1.792. But now the definition Eq. 4.100 based on the self-similarity is the generally accepted 
one for the fractal dimension D f which also agrees quite well with the experimental value. 

Estimates and approximate values for the percolation critical exponents were obtained by series 
expansions [75D5, 76S8, 76S10, 78B9], by Monte Carlo simulations [80R, 86K7] and by 
renormalization-group methods [75H5, 78K10, 78R3, 79S6]. Since 1980, exact values are available based 
on the den Nijs and Nienhuis conjectures [79N, 80N2, 80P6, 81B6, 82N4, 87N3], These exact values of 
the percolation critical exponents for d = 2 and of the fractal dimension are 


oi p = — y = -0.66667 
Y p =j| = 2.38889 
5 p = ^ = 18.20000 
T p =f = 2.05495 
n p =^ = 0.20833 


p p =^ = 0.13889 
v p =| = 1.33333 
A p =ff = 2.52778 
o p = || = 0.39560 
D f = =1.89583 


(4.102) 
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By now, these values are in common use as theoretical ones [90C2, 9211, 94N]. One of these reviews 
[9211] has collected the available approximate values for comparison with the exact ones. They agree 
excellently with the results of Monte Carlo simulations [8 IE, 89Y5] which confirm also the universality 
of these critical exponents, i.e. they depend only on the lattice dimension d and not on the lattice type and 
also not on the type of dilution [89Y5]. That means they are the same for a triangular, a square or a 
honeycomb lattice in two dimensions and also the same for bond and site dilution. For lattice dimensions 
larger than two, no exact data are available. But one general statement can be made: For d —> 6 the critical 
exponents approach the classical mean field values [76K7]. 

Experimentally, the spin fluctuations in diluted antiferromagnets were investigated by neutron 
scattering from the antiferromagnetic Bragg rods. Results of extensive investigations were reported for 
Rb 2 Mn x Mg^ x F 4 [76B6, 77C7, 80B1], nearly a Fleisenberg system, and for Rb 2 Co x Mg!_ x F 4 [80C1, 84B4], 
an Ising system. The concentrations x were close to the percolation threshold, x = 0.54, 0.57, 0.60 
(Rb 2 Mn x Mg!_ x F 4 ) and x = 0.55, 0.575, 0.583, 0.595 (Rb 2 Co x Mg,_ x F 4 ). The determination of the critical 
exponents y, V and q from neutron scans across the Bragg rod is discussed in detail in Sect. 4.1.5, see Eqs. 
4.21-4.27. For adapting the notation to that used by Birgeneau et al. [80B1] and by Cowley et al. [80C1], 
the total scattering functions S\K) and S\K) are defined in relation to the wavevector dependent 
susceptibilities (cf. Eqs. 4.24-4.26) 

s \\ (k) = }^bL x(k) S \k ) =^ 7 jX± (K) (4.103) 

(SUb) (SUb) 

where "||" corresponds to "zz" and "_L" to "xx" and "yy" as outlined in Eq. 4.25. The observed intensity of 
quasi-elastic neutron scattering can then be written as 

I(K)~ [(l + K 2 /K 2 )-S ± (K) + (l-K 2 /K 2 )-shK)] (4.104) 

For Fleisenberg-like Mn- and Ni-compounds, the separation y\K) and S ± (K) is a problem which has to be 
dealt with (cf. Fig. 4.5 in Sect. 4.1.5). For the dilute system Rb 2 Mn x Mg 1 _ x F 4 , it will be explained below 
that I(K) can be used for the determination of the critical exponents without such a separation. In strongly 
anisotropic Ising-like Co-compounds, the transverse fluctuations are negligible and thus I(K) proportional 
to S\K). For a rod scan, the wavevector transfer is K= Q 0 + q where Q 0 is a vector in reciprocal space 
located on the Bragg rod and q a vector perpendicular to the rod. The experiments on Rb 2 Mn x Mg[_ x F 4 and 
Rb 2 Co x Mg!_ x F 4 , were performed at Qq-(1, 0, 0.4) (Mn: x = 0.54, 057 and Co: all concentrations) and at 
Q 0 = (1, 0, 0.2) (Mn: x = 0.60). The value of Q 0 is only useful for calculating the contributions of S\K) 
and S 1 (K) and is not needed in the following analysis of the experimental data. As in Sect. 4.1.5, we can 
therefore drop Q 0 , and keep only the dependence on q = \q\. For the critical behaviour, also jJ(T), a 
temperature variable and Ax = x p - x are important 


I(K)->I(q, Ax, (4.105) 

q~ +K 

where the expression to the right is the Ornstein-Zernike form (Eq. 4.28) with an additional factor /d 1 and 
where q — q x + q y . Eq. 4.105 was successfully employed for the analysis of the experimental data of 

both, Rb 2 Mn x Mg, _ X F 4 and Rb 2 Co x Mg ] x F 4 . This form is a simple and plausible way [80B1] to generalize 
the exact results of Thorpe [75T4] for a random ID Fleisenberg antiferromagnet. In Eq. 4.105, the inverse 
correlation length K depends on Ax and iu(T) 

k(A\, jj) = ff(Ax, 0) + ;c(0, jj) (4.106) 
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where, again based on the results of Thorpe, it is assumed that the geometrical and thermal inverse 
correlation lengths are simply additive, since the part depending on Ax is identical with the geometrical 
inverse correlation length K c in Eq. 4.91 

k-(Ax,0) = *- g =k-£( 1 —x/x p ) Vp (4.107) 

For the thermal part depending on jJL (or on 7), there is for x < x p no reduced temperature t = 1 — T/T c 
because of the absence of a phase transition and a critical temperature T c . Instead, the correlation length 
q U) of the corresponding ID system should be used as Lubensky [77L4] pointed out in his scaling theory 
for diluted magnets, completely analogous to the ID behaviour of Cmagn and % as presented in Sect. 3.3.2 
together with some theoretical foundations. For the ideal ID Ising and the ideal ID Heisenberg model, the 
correlation length <^ 1D was derived by Fisher [64F2] and its inverse can be written as [76S5, 80B1] 

x‘i D fl nn = -ln z/ (4.108) 

with u = tanh [25(5 + \)\J\/k E T\ (Ising model) 

and n = coth [25(5+ 1) | J\/k E T\ - [25(5+ 1) | Jl/k^T ] 1 (Heisenberg model) 

I H 

Fig. 4.32 presents Jf 1D a nn and k id a nn versus [£ B 7 T )/[25(5+ 1) | J \] for the Ising and the Heisenberg 
models, resp., as calculated with Eq. 4.107. For a realistic treatment however, the Ising-like anisotropy of 
the Mn-compounds has to be taken into account. Using the results of Blume et al. [75B8] and inserting 
the parameter values for pure Rt^MnF^ Birgeneau et al. [80B1] calculated the inverse correlation lengths 

k| d and for an anisotropic antiferromagnet where "||" and "_L" refer to the anisotropy axis, i.e. the c- 
axis. The corresponding curves in Fig. 4.32 show that above 0.2 both, and K’ij) a nn , approach 

K', D «nn °f the Heisenberg model, and below 0.1, K ' tD exhibits a crossover to the Ising model. If such a 
crossover is present in the pure system, it should also occur for x = x p in the scaling description of the 
diluted system [80S5]. Therefore, /c, D is used for Rb 2 Mn x Mgi_ x F 4 as the thermal part of K 

^(0, At) = D ds •[k‘! I d (T)] Vt (4.109a) 

where Z) DS is a factor close to one. For Rb 2 Co x Mg| _ X F 4 , the result for the Ising linear chain is appropriate 

x-(0,At) = D DS -[K-; D (r)] VT (4.109b) 

The experimental data on Rb 2 Mn x Mgj_ x F 4 and Rb 2 Co x Mgj_ x F 4 were fitted to Eq. 4.105. The calculated 
data were compared to the experimental ones after convolution with the resolution function of the neutron 
spectrometer (see Fig. 10 of [80B1] and Fig. 4 of [800). From the width of the Lorentzian, experimental 
values for Ka nn were obtained as shown for Rb 2 Mn x Mg]_ x F 4 in Fig. 4.33. The curves represent the 
combination ofEqs. 4.106, 4.107 and 4.109a 

K(Ax,n)a nn = k g a nn +D 0S [k‘i D ( 7’)« nn ] Vx (4.110a) 

where the geometrical inverse correlation length k g is the value of K for T —> 0 for the x = 0.54 and 
x = 0.57 samples. For the x = 0.60 sample, the data indicate a smeared phase transition near 8-9 K. The 
experimental data of all samples were successfully fitted to a single Lorentzian and a separation of 5^ (q) 
and S\q) seems not necessary. However, such a separation was performed by means of neutron inelastic 
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scattering (cf. Fig. 12 of [80B 1 ]) which shows that SHq) »S 1 (q) for T< 5 K, i.e. I(q, Ax, n) dominated 
by S\q). On the other hand, Fig. 4.32 indicates that $ (q) = S L (q) for T> 10 K so that a separation is 
impossible. And the data in the range 5 K< T< 10 K were excluded in the fit. The curves in Fig. 4.33 are 
calculated by means of Eq. 4.110a with the theoretical values of /cf D (T) (cf. Fig. 4.32 and [75B8, 80B1]) 

and with the values of k g , V x and D r)S obtained from the fit. The values of v x and D ns are for 
Rb 2 Mn x M gl _ x F 4 [80B1] 


v T = 0.90(5) D ds = 1.00(5) 

These data and also all following ones on percolation critical properties are listed in Table 6. For the 
system Rb 2 Co x Mgj_ x F 4 , the inverse correlation length Ka nn determined from the width of the Lorentzian 
fitted to the experimental data can be described 

k(Ax,V) a an = K G a nn +D ds [/c'dIT) a nn ] Vt (4.110b) 

where the only difference to Eq. 4.110a is that K' m is replaced by /c/p, for this Ising system. The fit to 
Eqs. 4.105 and 4.110b yields values of v x and Z) DS also for Rb 2 Co x Mgi_ x F 4 [80C1] 

v T = 1.32(4) D ds = 0.96(6) 

In order to determine the percolation critical exponent v p , the data for k g were fitted to Eq. 4.107. The 
result is illustrated in Fig. 4.34 where the curve is calculated with Eq. 4.107 using the fit values 

k g =3 v p = 1.354(15) 

The curve is in good agreement with the experimental points for both systems, Rb 2 Mn x Mg]_ x F 4 and 
Rb 2 Co x Mg 1 _ x F 4 , thus demonstrating the universality of this percolation critical exponent being the same 
for Heisenberg and Ising systems and depending only on the lattice dimension. 

Not only the width of the Lorentzian fitted to the experimental data but also the amplitude provides 
information about the critical behaviour of the samples. On top of the ridge (q = 0), the observed intensity 
is(cf.Eq. 4.105) 


I(q = 0, Ax, n) = I(q = 0) ~ H ds • k< 2 ~^ (4.111) 

The experimental data of I(q = 0) are shown for Rb 2 Mn x Mgi_ x F 4 in Fig. 4.35. For the x = 0.54 and 
x = 0.57 samples, I(q = 0) approaches a constant finite value below 2 K while I(q = 0) for x = 0.60 tends to 
diverge near 8-9 K because of the magnetic phase transition mentioned above. Using the experimental 
values for K (Fig. 4.33), the curves in Fig. 4.35 are obtained as an optimum fit of Eq. 4.111 to the 
experimental points [80B1] with 


2 -T| = 1.66(8) or q = 0.34(8) 

for Rb 2 Mn x Mg]_ x F 4 . For higher temperatures where k ]V) (T) dominates K. will be proportional to 

(1 - x/x p ) y T according to (2 - q) v x = y x , and we obtain 


Yt= 1.50(15) 
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In an analogous way, the corresponding values were determined for Rb 2 Co x Mg 1 _ x F 4 [80C1] 

2-ri = 1.68(8) p = 0.32(8) y T = 2.4(1) 

where the latter value results from an extrapolation to x p since the fit values for x = 0.55, 0.575, 0.583 
depend on x and increase monotonicaly from 1.53(7) to 2.17(6). For concentrations x>x p , also the 
samples of the Co-system undergo a magnetic phase transition with thermal critical exponents close to 
those of the pure 2D Ising model, different from those for x<x p [800]. With the result v p = 1.354, 
finally the crossover exponent (f» can be evaluated 

4> = v p /v x = 1.48(15) for Rb 2 Mn x Mg 1 _ x F 4 

4> = v p /v T = 1.03 for Rb 2 Co x Mg!_ x F 4 

where the value for the Co-system agrees quite well with the theoretical prediction (|)=1. With the 
theoretical value for (2 -il p ) = 1.7917 (cf. Eq. 4.102), the percolation critical exponent for 5(x) (Eq. 4.92) 
becomes y p = 2.43(3) [80B1]. Unfortunately, it was not possible to determine also the exponents (3 p and 
[3 t from measurements of the intensity of antiferromagnetic superreflections because of the large 
uncertainties near (x = x p , T= 0). 

At the end of this section, the experimental data on the critical behaviour of diluted antiferromagnets 
near the percolation multicritical point may be summarized by comparing them to theoretical values (Eq. 
4.102) and to the results of a theoretical study by Coniglio [81C3] 

a) percolation critical exponents 

2D experiment: v p = 1.354(15), y p = 2.43(3) 

theory (Eq. 4.102): v p = 1.33333, Yp = 2.38889 

b) thermal critical exponents 
Rb 2 Vtn x Mg]_ x F 4 , 2D dilute Fleisenberg model 


experiment: v T = 0.90(5) 

y T = 1.50(15) 

= 1.48(15) 

theory [8 1C3]: v x = 0.92 

y T = 1.65 

<) = 1.43 

Rb 2 Co x Mg!_ x F 4 , 2D dilute Ising model 


experiment: v T = 1.32(4) 

Tt = 2.4(1) 

<> = 1.03 

theory [8 1C3]: v T =1.33 

Yt = 2.4 

<^=1 


The agreement between experimental and theoretical data is very good giving some confidence in the 
analysis and interpretation of the results presented in this section. The differences in the thermal critical 
exponents for the Fleisenberg and the Ising system are believed to be due to the differences in the 
excitations. For both types, the geometrical "excitations" are local, while the thermal excitations are local 
for the Ising system and extended for the Heisenberg one. This would explain ()> = 1 for the Ising system. 
In the Heisenberg system, the excitations may propagate primarily along the backbone of the cluster, and 
one might expect (f> to be determined by the effective dimensionality of the backbone. In addition to these 
diluted antiferromagnets, also the diluted ferromagnet K 2 Cu x Zii| x F 4 has been studied by neutron 
scattering [79W3]. Scans were performed across the fin. Bragg rod at g 0 = (0,0, 4.5) and the results fitted 
with a Lorentzian in order to determine the inverse correlation length Ka mv 
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9.12.4.1.12 Random Field Effects - Random Field Ising Model 

Special critical behaviour is expected for magnetic systems, e.g. a ferromagnet, which is subjected to a 
random field // RF with {// RF ) = 0 and (// RF ) ^ 0. If the random field is conjugate to the order parameter, 
the magnetically ordered state will become unstable against even weak random fields for dimensions 
d < 4 if the order parameter has continuous symmetry and for dimensions d < 2 in Ising systems according 
to theoretical considerations by Imry and Ma [7512]. This was a merely academic problem until the 
realization by Fishman and Aharony [79F2] that random field systems can effectively generated by 
applying a uniform magnetic field H 0 to diluted easy-axis antiferromagnets parallel to the easy axis. The 
critical behaviour of the corresponding pure antiferromagnets is usually Ising-like as turned out in the 
discussion of their critical properties in Sects. 4.1.2-4.1.5 (see also Table 6). Thus, the random-field Ising 
model (RFIM) can be studied experimentally in such antiferromagnets with the possibility to control the 
strength of the random field through the easily controllable strength of the applied uniform field. And it 
was shown that the static critical behaviour is identical for ferromagnets with random fields and dilute 
antiferromagnets in a uniform field [84C2, 84L2]. In this contribution, only a brief introduction to the 
RFIM can be given together with the most instructive experimental results. But the reader finds more 
theoretical and experimental details in a number of reviews, namely an introduction to random fields, 
frozen-in disorder etc. by Fisher et al. [88F2], reports on early experimental results by Birgeneau et al. 
[84B4] and on theoretical considerations by Imry [8412], a survey on more recent theoretical views by 
Nattermann and Villain [88N] and, finally, a collection of recent results on 2D and 3D RFIM systems by 
Belanger [88B5], by Jaccarino and King [90J2] and by Belanger and Young [9 IB 1]. Before entering 
more deeply into the RFIM, it is necessary for a systematic discussion to make up for the socalled random 
exchange model (REIM) which should have been introduced already in the last section. But, as we will 
see below, there is little difference for 2D systems between the Ising model (IM) of the pure 
antiferromagnet and the REIM of the diluted one. 

The REIM describes the properties of a diluted Ising system which is subject to random exchange 
because of the missing exchange interaction due to the nonmagnetic impurities (cf. Fig. 3.50 in Sect. 
3.3.2). The critical properties of random-spin systems in general, i.e. also of the REIM, may be different 
from those of the pure nonrandom systems [74H9, 75L11, 76A10, 76G5, 85P]. There are available 
estimates and calculations for the critical exponents of the random system, especially for the 3D REIM 
[77J3, 82N5, 83J2, 83J3, 89M6], The most reliable ones are found in [82N5, 83J2, 89M6], For the 2D 
REIM, the situation is somewhat complicated because there exist two different theories. Dotsenko and 
Dotsenko (DD) [82D2, 82D3, 83D3] found in their theoretical study that sufficiently close to the phase 
transition the specific heat Cmagn, the susceptibility % and the magnetization M will have the following 
forms 


Cmagn-lnMl/M) *~ t 2 exp 


|(lnln|l/t|) 2 


M~ exp [- a (In In | l/t|) 2 ] 


which imply the values a = 0, y = 2, and (3 = 0 for the 2D REIM critical exponents. The results of DD for 
X and Mhave been questioned by Shalaev, Shankar and Ludwig (SSL) [84S6, 87S1, 88L1, 88S6] who 
predicted for the 2D REIM also a double-logarithmic form for C mag n but the same power laws as in the 
non-random 2D IM for x and for M which are according to Shalaev [84S6] modified by logarithmic 
corrections 


C ~ In ln( 1 / 1 ? |) X ~ r 7/4 | In 1 1 7/8 M~ t m | In t | 1/4 
These results were confirmed by a calculation of the REIM critical exponents [89M6] 

a = -0.004, y= 1.753, v = 1.002, r) = 0.251 
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An extensive Monte Carlo investigation was performed for a further clarifying of the controversy 
between the two conflicting theories [90 W2, 90 W3]. The results clearly confirm the theoretical 
predictions of SSL with the above critical exponents of the 2D IM (a = 0, y = 1.75, v = 1.00, r) = 0.25; cf. 
Table 7). Also the logarithmic corrections were observed in the Monte Carlo studies. Thus it seems that 
the theory of SSL is correct and that the theory of DD leads to questionable results [88C5]. 

Experimental data about the critical behaviour of the diluted Ising system Rb 2 Co x Mg!_ x F 4 are 
available from specific heat measurements [78S4], from neutron scattering [7911, 8112, 87H1] and from 
LMB studies [83F3] (cf. Table 6). The values of the critical exponents agree well with those of the 2D IM 
thus confirming also the theory of SSL and the Monte Carlo results, except for the logarithmic corrections 
the effect of which is too small to be observed experimentally. For extensive neutron scattering 
experiments [8112], very carefully grown samples were extremely slowly cooled in order to establish a 

3D LRO. The exponents [3, V, q and the critical amplitude Kq / a* were determined in the way outlined 

in Sects. 4.1.4 and 4.1.5, respectively. In order to confirm experimentally one of the two conflicting 
theories (DD and SSL), Hagen et al. [87H1, 92C2] performed a further neutron scattering study on 
Rb 2 Co 0 jMgo 3 F 4 with a careful lineshape analysis, employing a Lorentzian (Eq. 4.28) above T N and a 
modified Tarko-Fisher approximant (Eq. 4.31) below T N . Thus, they were able to determine, as compiled 
in Table 6, not only the critical exponents 

P = 0.13(2) y= 1.75(7) v= 1.08(6) 
but also the universal ratios and combination of the critical amplitudes 

Co /Co = 36(5) Kq/Kq = 1.95(11) R s = 0.062(10) 

All these values for H o = 0 (REIM) agree well with the exact results for the 2D IM (cf. Eqs. 4.9, 4.11 and 
4.15 in Sect. 4.1.2, see also Sect. 4.1.6 and [84C 1 ]). In order to obtain information about the magnetic 
contribution Cmagn to the specific heat and about the critical exponent a, Ferreira et al. [83F3] have 
studied Rb 2 Co 0 85 Mg 0 15 F 4 by LMB and measured An as a function of temperature. The experimental data 
for the temperature derivative d(An)/dT~ C mag n for H 0 = 0 (cf. Fig. 4.36) indicate a symmetric logarithmic 
singularity with a = 0 for the REIM which is typical also for the 2D IM. Thus, these data could be fitted 
to (see Table 6) 


d(An)/dT=F[A ± \\n\t\\+D ± + Et\ (4.112) 

where the notation is the same as in Eq. 4.18 (Sect. 4.1.3), i.e. t = T/T N - 1 is the reduced temperature and 
F a factor of the order 10 6 K 1 relating the LMB data to Cmagn in units of R (cf. Eq. 4.18 in Sect. 4.1.3). 
Also the ratio A + /A~ = 0.95 obtained in the fit is close to the theoretical value of the 2D IM. Thus, the 
experimental data show no difference between IM and REIM in two dimensions since the effect of the 
logarithmic modifications is too small to be observed in the experimental data, as already mentioned. But 
such a difference between REIM and IM is clearly seen for 3D Ising systems, e.g. for FeF 2 and 
Fe x Zii|_ x F 2 mixed crystals. These are well studied with respect to REIM and RFIM. Therefore, some 
results on Fe x Zn|_ x F 2 are included in this section although they do not belong to the family of perovskite- 
type layer structures. FeF 2 is a strongly anisotropic antiferromagnet ( H A /H E = 0.33, T N = 78.39 K). The 
critical behaviour of pure FeF 2 can be characterized as 3D Ising-like with the following values of the 
critical exponents [83B6, 87B8, 88R3] 

C p : a = 0.111(7), A + /A~ = 0.543(20); d(An)/dT: a = 0.155(4), A + /A~= 0.528 (10) 
n-scattering: v = 0.64(1), y= 1.25(2), Kq/Kq = 0.53(1), Co/C 0 “= 4.6(2) 

magnetostriction: p = 0.33(2) 
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These values agree well with the theoretical values for the 3D IM (cf. Table 7) and for the amplitude ratio 
A + /A~ ~ 0.5 (not included in Table 7). For the diluted system Fe x Zni_ x F 2 with x p < x < 1 in zero applied 
field (REIM), the experimentally determined critical exponents are [83B7, 86B6, 88R3, 88R4, 91F6] 

d(An)/dT (0.24<x< 1.0): a = -0.09(3), ^(x)~(1 -x)" 1 - 9 ® 

n-scatt. (x = 0.46): v = 0.69(l), y= 1.31(3), C 0 + /Co =2.8(2), Kq/Kq= 0.69(2) 

magnetostriction (x = 0.46): (3 = 0.35(1); Mossbauer spectra (x = 0.9): (3 = 0.350(9) 

For this 3D System, the REIM critical exponents are obviously different from the IM values. They agree 
quite well with the theoretical predictions [82N5, 83J2, 89M6]. The experimental results further indicate a 
change of sign for a which is of importance with respect to the Harris criterion [74H5]. There are also 
theoretical predictions for the ratios of the REIM critical amplitudes [83N5]. 

Turning now back to the random field problem, to the RFIM, it was already mentioned that the lower 
critical dimension above which a phase transition can occur is larger than in the case without random 
fields where the lower critical dimension is one for Ising systems and two for Heisenberg systems. That 
means there will be a dimensional reduction and the critical behaviour in random fields in a system of 
dimension d will be equivalent to that in a system without random field of dimension d - 0 so that the 
hyperscaling law (cf. Eq. 4.13 in Sect 4.1.2) has to be changed to 

2-a = dv 2-a = (d-0)v (4.113) 

with 0>O is a new parameter [76G6]. Some theoretical treatments of this problem find that 0 may 
depend on the sign of a in the REIM [85S3, 85S4] and some others come to the conclusion that 0=2, 
i.e. the critical behaviour of a d-dimensional system with random field will be the same as that of a 
(d - 2)-dimensional system without random fields [76A11, 77Y4, 79P5, 81P2]. This may be true for 
Heisenberg systems, but there are many theoretical arguments that the value is 0 = 1 for Ising systems 
[81B7, 81K13, 82G3, 83A3, 84G5, 85V2, 87B7], Further, Imbrie [8413] has rigorously proved that a 
phase transition exists for the RFIM in three dimensions. The details of these theoretical studies and the 
methods used there, e.g. whether the random fields are assumed a continuous Gaussian distribution or a 
bimodal distribution with ±/? Rh , are found in the reviews, especially in [9 IB 1 ], or in the original papers. 

The influence of random fields was studied experimentally for the 2D system Rb 2 Co 0 8sMg 0 j 5 F 4 . 
With LMB measurements [83F3] for H 0 = 0, 0.5, 1.5, 2.0 T, information was gained about d(A/?)/dr~ 
Cmagn (see Fig. 4.36). For H 0 = 0, in the REIM regime, the data show the already above mentioned 
symmetric logarithmic singularity. With increasing H 0 , an increasingly rounded maximum appears which 
is shifted to lower temperatures. For passing from the REIM to the RFIM, crossover scaling has to be 
applied with respect to the critical properties. So the temperature shift of the maximum of d(An)/dT is 
described in terms of a reduced temperature 

t=[T~T N + bHo]/T N (4.114) 


where T N = 7\(x) is the Neel temperature for H 0 = 0 and the concentration x and where T h — bH q = T f 
is the mean field transition temperature for //,, 0 with the mean field shift [84C2] 


b Hi 


T™ F [gy B SH 0 /k B T N ] 2 
[1 + 0 c / Tn F ] 2 


(4.115a) 
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In Eq. 4.115a, 0 C = 0 c (x) is the Curie-Weiss temperature (cf. Eq. 3.25 in Sect. 3.1.3) for H 0 = 0 and the 
concentration x. The reduced random field /? RF is given in its relation to H 0 by [84C2] 


,2 _ _x(l-x)[ g[ i B SH 0 /k B T] 2 [T u (x = l)/T] 2 

%F — 9 - — 9 - 

(k B r) 2 [i+0 c m 


(4.115b) 


That means lily ~ (Illy) is proportional to x(l -x) III which was pointed out already by Wong et al. 

[82W7, 83W5] in their derivation of {Illy) f° r diluted antiferromagnets. In terns of the reduced 
temperature (Eq. 4.114), the rounded maxima of d(A/?)/dr for Rb 2 Co 0 g 5 Mg 0 15 F 4 in Fig. 4.36 can well be 
described by 


t c m = -{chl,) Vi » (4.116) 

where (|) is the exponent for the crossover from REIM to RFIM critical behaviour and c is a nonuniversal 
factor the dependence of which on the concentration x was demonstrated by Ferreira et al. [91F4, 91F5] 
for Fe x Zn! _ X F 2 . The value of (|) is expected to be equal to the exponent y of the REIM system or a little 
larger, 4>/y = 1.05 - 1.10 [86A6]. For the diluted Co-system, the experimentally determined values of the 
parameters in Eq. 4.116 are (|) = y— 1.74(2) [85B3] and c = 0.9^' 4 [83F3]. The rounding of the maxima 

of d(A/?)/dr in an applied magnetic field can be characterized in terms of the scaling variable /?^p /1 1 p 
by the following scaling function [79F2, 83B5, 83F3, 84B5] 

C maga /R = g(\t\/h^)-A*lnhw (4.117a) 

or with a factor F instead of R for LMB results and with h = (g[l B SH 0 ) / (k B T) ~ for a better 
comparison with the experimental data [83F3] 

F ■ g(| 1 1 Ih 21 ^) = d(A/?)/dT + F ■ A* In/? (4.117b) 


In Fig. 4.37, the experimental data of Rb 2 Co 0 . 85 Mg 0 45 F 4 with H 0 \\c are plotted as d(An)/dT+F ■ A* \nh 
versus t ■ h~ 2lif for various applied fields (0.1 T <H 0 < 2.0 T) and for reduced temperatures 

(10 -3 < 1 1 1 < 10 2 ). The values used for (|) and F ■ A* are 1.75 and 1.64 ■ 10 -6 K -1 , respectively (cf. Table 
6 ). The data are seen to collapse on a single curve which is, apart from the constant factor F. the scaling 

function g(| t \ / h xli> ) of Eq. 4.117b, except for some points at small fields H 0 < 0.2 T which probably 
results from concentration gradients. All features of the experimental data from LMB experiments are 
consistent with theoretical predictions and computer simulations for the 2D REIM —> RFIM crossover 
[84B6], 

For Rb 2 Co x Mg ] x F 4 . also neutron scattering experiments were performed for samples with x = 0.70 
[82Y3, 83B4, 83C4]. For a fit to the lineshape of scans across the antiferromagnetic Bragg rod, a pure 
Lorentzian turned out to be inadequate and a sum of a Lorentzian and a Lorentzian squared had to be used 
for the scattering function $\K) (cf. Eq. 4.103) which only contributes perceptibly to .S'( K ) in Ising-like 
Co-compounds 


5" (K) = ^(q) = S(q) = 




RF 


/ _2 . 2 \ . 2\2 

(K +q ) {K +q ) 


(4.118) 


where K - Q ft + q is used again and Q 0 omitted. The Lorentzian is a mean-field approximation for the 
staggered susceptibility /(ft'), and the Lorentzian squared is related to the disconnected susceptibility 
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[9 IB 1 ] in random field systems ^ djs (/T) ~ [(Sq) (5_q)] av which is zero for = 0, see also [84L2, 84R7, 
85S3, 85V1]. From the width of the scans across the rod, the inverse correlation length if was determined 
as a function of temperature for various magnetic fields H 0 \\c [0 <H 0 < 6.0 T], corrected for the 
spectrometer resolution. The data are shown as k/ a* versus T in Fig. 4.38. They were obtained by 
cooling the sample in the applied field (FC). For H 0 = 0, K approaches zero at 7\- = 42.5 K thus indicating 
the usual transition to long range antiferromagnetic order. But for fields H 0 > 0, the data in Fig. 4.38 show 
a finite value of if for T — > 0 which means that these FC experiments do not lead to the usual magnetic 
order but to a frozen-in nonequilibrium state. Analogous to the analysis of K in the percolation problem 
(Eq. 4.106), also for the data in Fig. 4.38, the assumption was made that K can be separated into a 
temperature dependent part and a part depending on H 0 [83B4] 

k(H 0 ,T)=k(H 0 ,0) + k(0,D (4.119) 

where if (H 0 , 0) is the constant part for T —» 0 and if(0, T) ~ exp(-E/k B T) the thermal part with an 
activation energy E. In addition, the experiments have revealed that only H 0 \\c affects the magnetic 
ordering and not fields H 0 Ec in accordance with theoretical considerations [78A5], 

Further neutron scattering experiments [85B3, 85B4] provided more information about the ordering in 
2D Rb 2 Co x Mgi_ x F 4 below the temperature of the rounded maxima of d(An)/dT ~ Cmagn (cf. Fig. 4.36). The 
intensity/of the (1, 0, 0) antiferromagnetic Bragg peak was studied for Rb 2 Co 0 . 85 Mg 0 15 F 4 as a function of 
temperature under various conditions (see Fig. 4.39) with magnetic fields H 0 || c. For 77 0 = 0, the results 
show the usual increase of 7(1,0, 0) below T N with decreasing T indicating the antiferromagnetic LRO 
since 7(1, 0, 0) is proportional to the square of the sublattice magnetization, i.e. of the order parameter. For 
cooling the sample in zero field (ZFC), the LRO is preserved when the field is applied. When then the 
temperature is raised, the data in Fig. 4.39 show a drastic decrease of 7(1, 0, 0) at a temperature dependent 
on 77 0 indicating a decrease of the LRO at temperatures well below the region of the rounded Cmagn- 
maximum. By cooling the sample in the applied field (FC), completely different results with much 
smaller 7(1,0, 0) were obtained indicating again metastability and frozen-in nonequilibrium states but 
nearly no LRO. Measurements of the magnetic susceptibility and of the magnetization under ZFC and FC 
conditions [8313, 8314] indicate also the existence of non-equilibrium domain states with rather long 
relaxation times (several hours). The data on random field effects in Rb 2 Co x Mg]_ x F 4 are summarized in 
Table 6. 

The general conclusion from all these results [83B4, 83C4, 85B3, 85B4, 85J2, 86K8, 88B5, 90J2] was 
that the magnetic phase transition is destroyed in this 2D RFIM system. A further conclusion is that the 
system, i.e. Rb 2 Co 0 85 Mg 015 F 4 , will be in equilibrium above the temperature where the ZFC data in Fig. 
4.39 join the FC data and where the result of an experiment does no longer depend on the prior history of 
the sample. Belanger et al. [85B3, 85B4] have defined this metastability boundary T M (H 0 ) as the 
temperature of the maximum of-d/(l, 0, Oj/dT in the ZFC data 

T M (H 0 ) = t M (H 0 )-T N + T N -bHZ with t M (H 0 )=-(c M h^) V * (4.120) 

and from the experimental data, they have determined 4> = 1.74(2) and Cm = 29(1). These results ensure, 
on the other hand, that the system is in equilibrium at the rounded maximum of C ma gn since 
T m (H 0 ) < T C (H 0 ). Experiments in pulsed high magnetic fields up to 50 T [84M4, 85K1] yield a 
metastability boundary T M (H 0 ) different from that resulting from the neutron scattering data because of 
the different time scales (neutron scattering: t ~ 10 3 s, high field pulses: t~ 10 3 s), i.e. the system cannot 
react fast enough in the pulsed high field experiments and shows a magnetic order until a critical field 77 Cr 
above which disorder prevails [84M4]. The RFIM in high magnetic fields was also studied by a Monte 
Carlo simulation [85D3]. The critical dynamics [84A, 86A5, 9513] and the ordering kinetics [8314, 85B3, 
85B4, 9011] of the RFIM will be included in a separate section in context with other disorder phenomena. 
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The 3D RFIM, on the other hand, undergoes a magnetic phase transition [8413, 87B7] at a transition 
temperature 


T C {H o) = k(H 0 ) -T n + T n -b Hq (4.121) 

with a reduced part t c (H 0 ) of the form given by Eq. 4.116. This is demonstrated for Fe 06 Zn 04 F 2 in Fig. 
4.40 with LMB data d(A/?)/dr [83B5] completely analogous to those for Rb 2 Co 0 85 Mg 0 15 F 4 in Fig. 4.36. 
For Hq = 0, an asymmetric cusp is observed corresponding to the REIM value a = -0.09 [83B7] while the 
data for /7 0 =1.4 and 2.0 T exhibit a narrow spike indicating a symmetric logarithmic singularity 
corresponding to a sharp phase transition. Fe x Zn, X F 2 was also investigated by neutron scattering, by ac 
susceptibility and optical Faraday rotation studies [83B5, 84B5, 85B6, 86B6, 86K9, 86M4]. The results 
may be summarized as follows where the critical exponents for the RFIM (//„ ^ 0, H n || c) are marked with 
a superscript 


LMB (x = 0.6, Hq = 2 T): T c = 46.13 K, 5 = 0 (log), A + /A~ = 1.13(1) 
n-scattering (x = 0.6, H 0 - 2 T): v = 1.00(15), y= 1.75(20), rf = 0.25 

exponent 4> for the crossover REIM —> RFIM by various methods: 

<|) = 1.40(5) [85B6], <|> = 1.42(3) [86B6], <|) = 1.44(4) [86K9], ([) = 1.42(5) [86M4] 

Thus, the ratio of (|) and Yreim =1-31 becomes (|>/Yreim = 1.08 in accordance with the theoretical prediction 
[86A6], The neutron scattering data were analysed by means of Eq. 4.118, i.e. a sum of a Lorentzian and 
a Lorentzian squared, and by convolving S(q) with the resolution function of the spectrometer. Analogous 
to Eq. 4.105, the amplitudes A RF and Rrp in Eq. 4.118 are proportional to K with the appropriate 
exponents rj and rj' 


Arp ~ k:' 1 ~ | I' 1 ' B RF ~ k' } -k ^ ~\t-t c \"^ v (4.122) 

where rf is the exponent corresponding to the disconnected susceptibility with rj'<2rj [85S4]. 
Application of scaling laws [85B7] and also the experimental data suggest rf = 2rj as used in Eq. 4.122. 
The neutron scattering data were analysed with respect to the second form for Arp and B R¥ because of the 
larger uncertainties in ffas compared to | t-t c \ [85B6]. The observation of the phase transition in a 3D 
RFIM system and the determination of the critical behaviour may be obscured by a slowed down 
dynamics, by nonequilibrium effects and hysteretic behaviour [84Y3, 85B5] and also by concentration 
gradients [88B6, 88K7]. The values of the critical exponents for Fe x Zn!_ x F 2 with // 0 ^ 0 (RFIM) agree 
well with the theoretical ones for the 2D Ising model. In the theoretical results for the 3D RFIM is still 
some discrepancy. Although it is clear that a phase transition will occur at low temperatures and 
sufficiently small fields [84V5, 87B7], the character of the phase transition is still unclear. The critical 
behaviour is rather consistently described by scaling theories [85B7, 85V2, 86F4] where the lattice 
dimension d is replaced d-0 (cf. Eq. 4.113). These theories assume the usual second order magnetic 
phase transition. However, Monte Carlo simulations support only partly this scenario [8601, 8602] while 
others indicate a first order transition [85Y3, 86Y2] with the critical exponents of the 2D Ising model. 
Recently, Monte Carlo studies were performed with the aim to clarify the situation, with the bimodal 
distribution [93R2] and the Gaussian distribution [95R4] of the random field. From the latter, a two- 
exponent scaling (rf = 2rj!) and a discontinuous transition results, and the values of the critical exponents 
are 


v = 1.1(2), rj = 0.50(5), rj' = 1.03(5), P=0 
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That means the order parameter, the magnetization, will be discontinuous at T c , but there is no divergence 
of Cmagn and no latent heat at the phase transition. Thus, the transition can be called a discontinuous one, 
but it may perhaps be better to call it a "hybrid order" transition [95R4]. Also, the experimental situation 
is not so clear as it seems from the above quoted results. In recent Faraday optical measurements on 
Fe 0 85 Mg 0 15 Br 2 [94K], a cusp-like behaviour of C mag n (5 —> -1) was observed instead of a symmetric 
logarithmic singularity. But there are still open questions since dynamic rounding might be the origin of 
the observed cusp-like behaviour [94K]. 

Random-field effects in the 2D RFIM like destruction of the phase transition and frozen-in metastable 
domain states were also observed in a number of other 2D diluted antiferromagnets (see Table 6). Dikken 
et al. [84D2] studied K 2 Ni x Zn! _ X F 4 with x = 0.75, 0.85, 0.96 by neutron scattering under FC conditions. 
They performed scans along the antiferromagnetic Bragg rod (^-direction) through the (0,1,0) 
superreflection and found that the system quenches into non-equilibrium domain states. The breakup of 
ordering along the c-axis (3D LRO) was found in the neutron scattering results which were fitted to 

■S% z )- Smh (K ~ zC) - (4.123) 

cosh ( K z c ) - cos (q z c) 

which results from a discrete Fourier transform along the c-axis and which becomes a Lorentzian for 
small K z c« 1 [84D2]. They found further that the order in the layers is also affected by the random fields 
but remains unexpectedly long-ranged (2D LRO). A not so drastic breakup of LRO along the c-axis (3D 
LRO) was observed even for H 0 = 0 in K 2 Ni x Zn! _ X F 4 [84D2] and K 2 Mn x Zn!_ x F 4 [87D2] which is ascribed 
to the site-random fields due to the imbalance of exchange interaction induced by the dilution. An 
especially interesting problem is the influence of the random fields on the magnetic (// 0 , 7) phase diagram 
of a diluted 2D antiferromagnet. Therefore, Cowley, Birgeneau et al. [88C3, 91B2, 93C2] have studied 
the phase diagram of the diluted system Rb 2 Mn 0 7 Mg 0 3 F 4 by neutron diffraction. For pure 2D uniaxial 
antiferromagnets like Rb 2 MnCl 4 , Rb 2 MnF 4 etc., the phase diagram with the antiferromagnetic (AF) phase, 
the spin-flop (SF) phase, the paramagnetic (PM) phase and the multicritical point has been presented in 
Sect. 3.1.6 (cf. Figs. 3.18 and 3.19). The phase diagram of the diluted uniaxial antiferromagnet 
Rb 2 Mn 0 7 Mg 0 3 F 4 is reproduced in Fig. 4.41. The external field H a || c necessary for such an investigation 
destroys the transition from the PM- to the AF-phase, and the random fields cause metastable domain 
states. Only for small H 0 , near the temperature axis in Fig. 4.41, antiferromagnetic LRO exists in the 
range 0 < T< T N = 14.2(3) K. For the SF-phase, on the other hand, the ordering and the critical behaviour 
is not affected by the random fields [78A5]. There will be a topological LRO as observed in the pure 
antiferromagnets and as described for the 2D XY-model in Sect. 4.1.8. Thus, there is a well defined 
boundary H S¥ (T) of this phase (cf. Fig. 4.41). Although the usual spin-flop transition is not observed over 
a wide range in the phase diagram of such diluted antiferromagnets but only under special conditions like 
AFMR experiments at low temperatures (cf. Fig. 3.53 in Sect. 3.3.3), this transverse phase will also here 
be called spin-flop phase. At fields below H$ ¥ (T) and for T < ^N> metastable behaviour and domain states 
due to the random fields are observed. Similar to the LMB data for Rb 2 Co 0 85 Mg 0 15 F 4 (cf. Fig. 4.39 and 
Eq. 4.120), a sharp metastability boundary T M (H 0 ) (cf. Fig. 4.41) is found below which the neutron 
scattering results depend on the prior history of the sample and indicate metastable behaviour. When the 
field H 0 is raised from //,, = 0 towards the metastability boundary, there is a range of H 0 in which the 3D 
LRO is not much affected but, above a certain field H 0 marked LRO in Fig. 4.41, the LRO is drastically 
reduced. If H 0 , on the other hand, is lowered from high values where no LRO exists, no onset of a 3D 
LRO is observed. Cowley, Birgeneau et al. [91B2, 93C2] have also derived a theory of the random-field 
phase diagram. And the curve in Fig. 4.41 for the boundary H SF of the transverse phase is calculated by 
means of their Eq. (28) in [93C2] with the parameter values D = 55 K, C = 1.67 and H B = 1.25 T. For 
calculating the curve for the metastability boundary Eq. (30) [93C2] is employed with 

r N (0) = 14.2 K and with the value (|> = 1.74(17) for the crossover exponent (cf. Eqs. 4.116-4.117b). This 
value of (]) agrees well with that obtained for Rb 2 Co 0 85 Mg 0 15 F 4 [85B3] and with theoretical predictions 
[86A6]. The proportionality factor is 0.19. A further theoretical result is that the bicritical point is moved 
to T=0 [93C2], 
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A final remark to this section is that random fields effects are not only found in diluted 
antiferromagnets to which a uniform external field H (l || c has been applied but that such effects are also 
observed in mixed antiferromagnets with competing anisotropies where the random fields originate from 
the competing anisotropy fields and the exchange fields acting on the neighbours. For two such 
compounds, K 2 Mn 1 „ x Fe x F 4 [86F5] and K 2 Fei_ x Co x F 4 [84V7] (cf. Sect. 3.3.5), random field effects have 
been reported which are similar to those discussed above for diluted systems in a uniform field, e.g. the 
destruction of 3D LRO and the appearance of nonequilibrium domain states in FC experiments. For 
details see Table 6. 


9.12.4.1.13 Critical Properties of Spin Glasses - 2D Ising Spin Glass 

It was already mentioned in Sect. 3.3.6 that the mixed system Rb 2 Co x Cui_ x F 4 shows spin glass behaviour 
in the concentration range 0.18 <x< 0.40, and the system Rb 2 Cr 1 _ x Mn x Cl 4 exhibits re-entrant spin glass 
behaviour for 0.2<x<0.7. Both insulating systems are short-range spin glasses since the competing 
exchange interactions causing the spin-glass behaviour are short-ranged. This is in contrast to metallic 
spin glasses where the dominating interactions are long-ranged. The first system Rb 2 Co x C.'U|_ x F 4 with its 
Ising-like anisotropy represents a good experimental realization of a 2D random-bond Ising spin glass. 
We recall further from Sect. 3.3.6 that the 2D Ising spin glass has no transition to a spin glass phase for 
T c > 0 but that theoretical considerations yield T c = 0 for this system [79M3, 80M8, 84B7, 84M8]. 
Experimentally, a freezing temperature 7f > 0 was observed (cf. Fig. 3.72) different from T c = 0. This is 
similar to the difference between the critical temperature T c and the Kosterlitz-Thouless temperature ^KT 
due to finite-size effects in the easy-plane ferromagnets Rb 2 CrCl 4 and K 2 CuF 4 (cf. Sect. 4.1.8). The 
reason for this behaviour will be discussed below in context with dynamic effects in spin glasses. Here, 
we will focus our attention on the static critical properties. And these can be observed also for a system 
with T c = 0 since the fluctuations and low-lying excitations which are thought to be characteristic for the 
spin-glass phase are also present at and above T c as well as in spin glasses with T c — 0 [92N]. The spin 
glass correlation length q will therefore diverge for T —» 0 as 7^ v apart from corrections because of T c = 0 
[85H6]. These critical properties may be studied on Rb 2 Co x Cu!_ x F 4 with 0.18 < x < 0.40 by measurements 
of the magnetization M as a function of applied field H 0 . Fig. 4.42 shows experimental results M(H 0 ) for 
x = 0.218 at four different temperatures. Obviously, Mdoes not depend linearly on H 0 , and the nonlinear 
part is essential for the critical behaviour. M can be expanded in a series of odd powers of H 0 /T [77S9, 
84K9]. Following the analysis of Dekker et al. [88D8, 88D10, 88D11], H 0 /T is replaced by XqHq where 
Xo is ideally the susceptibility, of a noninteracting system (Curie law) Xo = ClT with C defined in Eq. 3.25 
in Sect. 3.1.3. Then the series for Mean be written as 

M = XqHq - a 3 {XoH 0 f + a 5 (* 0 M 0 ) 5 - a 7 to #o) 7 + - (4.124) 

where not only Xo but also the coefficients a 3 , a 5 , « 7 , etc. depend on the temperature. For a spin glass with 
a transition at T c >0, the first term Xo I hi in Eq. 4.124 is nonsingular at T c . But the coefficient a 3 of the 
first nonlinear term is related to the spin glass order parameter susceptibility and is proportional to 
( T-T c )~ 7 [760, 77C8, 77S9]. From an expansion of the free energy in H 0 /T [77S9], the critical 
exponents for the other coefficients are derived as a 2n+1 ~ (T-7' c )“ n(Y+ i 3)_ ^ for n>l. Thus, the first 
coefficients will diverge at T c as 

a 3 ~(T-r c )- Y a 5 ~ (T- T c )~< 2 ^ a 7 ~ (T- T c )~^ 2 P> (4.125) 

As a next step, the susceptibility j = M/77 0 is derived from the experimental data of M. For some 
magnetic fields between 0.1 mT and 1 T, the results for X arc presented as a function of temperature in 
Fig. 4.43. The nonlinear part of^ can now be expressed as [88D10] 

*m = 1 - M/iXoHo) = a.iXoHo) 2 - a 5 {x 0 H 0 ) 4 +... (4.126) 
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Similar to the scaling relations Eqs. 4.12 a-c in Sect. 4.1.2, the scaling relation for the nonlinear 
susceptibility reads Xni = ■ g(H 0 /T r ) with T = 1 + -j ((3 + y) [77S9, 81B9], For practical use, Dekker et 

al. [88D7, 88D10] have replaced also in this relation H 0 /Tby XqHq in order to allow for deviations of Xo 
from strict Curie behaviour Xo = C/T. Thus, they have used the scaling relation in the form 

X*-T-*=g(XoH 0 /T T ~ l ) (4.127) 

where g and g are scaling functions homogeneous with respect to their arguments. The experimental data 
of Xni determined for fields from 0.1 mT to 1.25 T and for temperatures from 3.20 K to 4.25 K were 
plotted as Xni' T P versus ;ft ) // 0 /7’ r_1 , see Fig. 3 of [88D7] or Fig. 7 of [88D10]. The values for T and (3 
were adjusted to gain optimum coincidence of the data on a universal curve. Thus, the critical exponents 
of the 2D Ising spin glass Rb 2 Co 0 . 2 i 8 ^ 0 . 782^4 are obtained as 

(3 = 0.0(1) r = 3.2(2) and y= 4.4(4) 

These results agree with the predictions (3 = 0 and T = 3.5(5) of a Monte Carlo simulation [84K9] for the 
2D Edwards-Anderson spin glass model [75E2, 75S5]. 

A second way to determine the critical exponents (3 and y is to analyse the temperature variation of the 
coefficients « 3 and a 5 . For this purpose, a sufficiently large number of M(H 0 ) isotherms (some of them 
shown in Fig. 4.42) were fitted to Eq. 4.124 cut off after the third term with Xo, 03 and 05 a s adjustable 
parameters. This procedure was restricted to the range of fields where the next term a 7 (Xo H 0 y is still 
negligible. The solid lines in Fig. 4.42 indicate the quality of the fit. They are calculated by means of Eq. 
4.124 using the parameter values obtained in the fit. The temperature variation of the result for Xo equals 
the curves of MlH 0 in Fig. 4.43 for //„ = 0.1 mT and // n = 1 mT which are practically indistinguishable. 
Finally, the temperature dependences of a 3 and a 5 are illustrated in Fig. 4.44 as a log-log plot. Above 
approximately T { ~ 3 K, a 3 (7) and a 5 (T) can well be described by a power law with divergence at T c = 0 
(solid lines in Fig. 4.44). At lower temperatures, they deviate from the power law to lower values. This is 
ascribed to the slow but finite cooling rate which prevents the system to attain its equilibrium [88D10]. 
The exponents resulting from a fit of a 3 (7) and a 5 ( T) to Eq. 4.125 are (see also Table 6) 

y= 4.5(2) and y+ (3 = 9.0(5) yielding (3 = 0.0(7) 

The correlation length critical exponent v for the spin-glass RI^Coq. 218 ^ 110 . 782^4 * s determined in 
combination with dynamical critical properties from the imaginary part xlc (©> T) of the ac susceptibility 

X. dc ( ft). T). The extremely slow relaxation of such disordered systems is better described by activated 
dynamic scaling than by conventional dynamic scaling. For a 2D spin glass with T c = 0, the dynamics of 
excitations up to length scales L<%~ r~ v is expected to be dominated by thermal activation over energy 
barriers of height B ~ where \|/ is the barrier exponent with 0 <\|/< 1 [85H5, 87F1, 91G3]. Close to the 
transition, the divergence of q implies the existence of divergent barriers and, concomitantly, an extreme 
slowing down of the relaxation times. More details of this droplet model [86F6] will be presented in 
context with the dynamic critical properties of the 2D Ising spin glass in Sect. 4.2.2. In our context, we 
will use here only the fact that the dynamic quantities can be assumed to be functions of the scaling 
variable \n((OT (] )lq' 1 ' where T 0 is a microscopic time [87F1] and, accordingly, x"c (° l T) can be brought 
into the activated-dynamic scaling form [88D8, 88D9, 89D3] 

X : c (co,T) =r q -F[-ln(ft)T 0 ) -T vv ] (4.128) 

with q = -l-v(2-r|-\|/) = -l-Y + \|/v 
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where y, v, T| are the usual critical exponents and F is a scaling function. Dekker et al. [88D8, 88D9, 
89D3] have determined %” &c (ft), T ) for various frequencies f= (0/2n from 0.3 to 50000 Hz at temperatures 
running from 1 K to 7K (see Fig. 4.45). These data were then reproduced as (ft), T)-T q versus 

-In(ft)T 0 ) • 7 1|A ' (see Fig. 4.46). For this scaling plot, the values of the parameters q, \|/V, and T 0 were 
optimized in order to achieve maximal coincidence of the data on a universal curve. The resulting values 
for which scaling is obeyed quite well are (cf. Table 6) 

q = -3.0(5) \|/v = 2.2(3) r 0 =l(T 13(1) s 

from which the following values of the critical exponents are derived 

y= 4.2(6) v = 2.3(4) \|/ = 0.9(2) with q = 0.2(2) (fixed) 

where the value for q was adopted as a small positive one as appropriate for a 2D Ising spin glass [89D3]. 
The value for y agrees well with the results obtained from the nonlinear susceptibility y= 4.4(4) and 
4.5(2). 

These experimental results for the critical exponents of 2D Ising spin glass may now be compared 
with the values found in theoretical calculations. These are based upon two models which yield different 
results. One is the 2D random-bond Ising spin glass with a ±J distribution of the bonds, and the other 
one with a Gaussian bond distribution like the Edwards-Anderson model [75E2]. The theoretical results 
were obtained by various methods like model considerations [75S5, 76A13], high-temperature series 
expansion [86S6], transfer matrix method [83C5, 84B7], finite-size scaling [85H6, 88B7] and Monte 
Carlo simulations [83M6, 8702, 96R]. Typical results obtained for the 2D Ising spin glass with +Jbond 
distribution are [83C5, 83M6, 86S6, 8702, 88B7] 

T c = 0.02(1 \)J [3 = 0.10(3) y = 4.6(5) v = 2.6(4) q = 0.20(5) 

and for the 2D Ising spin glass with Gaussian distribution [84B7, 84M9, 85H6, 96R1] 

[3 = 0 y= 7.0(2) v = 3.6(2) q=0 

where q = 0 results also from an additional scaling law 2 - q = d for T c = 0 [82B5]. The reader is 
recommended to consult also a similar compilation of critical exponent values in Table 6.2 on p. 193 of 
[93M3]. At first, the differences between these two sets evidence that the 2D Ising spin glass with ±J 
bond distribution and that with Gaussian bond distribution are not in the same universality class. 
Secondly, the experimental data for Rb 2 Co 02 i 8 Cu 0 782 F 4 fit far better to those for the 2D spin glass with 
+.J distribution. Therefore, this model seems to be more appropriate to describe the critical properties of 
this insulating spin glass. Up to now, the magnetic contribution Cmagn to the specific heat and its critical 
exponent a has not been mentioned, neither in the experimental data nor in the theoretical results. The 
reason for this is that Cmagn of the spin glass sample with x = 0.218 in the system Rb 2 Co x Cui_ x F 4 shows 
no singularity near 7) or near T c = 0 but only a broad maximum due to short-range correlations near 40 K 
[88D1, 95R5], while samples with x = 0.083 and x = 0.11 show broadened A-shaped peaks at T c = 5.18 K 
and T c = 5.04 K, resp., below which they order ferromagnetically [95R5]. 

The other system Rb 2 Cr 1 _ x Mn x Cl 4 is, on the other hand, a realization of a 2D spin glass with XY-like 
continuous symmetry. Less is known with respect to its critical properties in comparison to the 2D Ising 
spin glass. There have been a number of theoretical investigations for the 2D random-bond XY-model. 
One problem studied theoretically is the ground state of a 2D XY-model with ferromagnetic interactions 
to which some antiferromagnetic bonds were added [79F4, 89V]. As in the 2D XY-model, discussed in 
Sect. 4.1.8, the spins are confined to the basal plane and may form vortices. Villain [77V2] has introduced 
frustration and the chirality k to the disordered 2D XY-model. He considers four-spin plaquettes with 
ferro- and antiferromagnetic interactions which may be unfrustrated with K = 0 (Fig. 4.47a) and frustrated 
with K = +1 and k=— 1 (Figs. 4.47b and 4.47c). He showed further that this model can be mapped onto a 
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2D Ising spin glass with Coulomb interactions where the spins are the chiralities K = ±l. This model may 
be compared to the spin configuration (see Fig. 4.48) of an array of 10 x 10 spins obtained within a 
classical ground state calculation for an array of 40 x 40 spins for a Rb 2 Cr 0 4 iMn 0 . 59 CI 4 spin glass sample 
[ 88 C 6 , 88S9]. The Cr- and the Mn-spins art represented by arrows. The actual spin values 2.0 and 2.5 are 
replaced by the average value S = 0.59 ■ 2.0 + 0.41 ■ 2.5 = 2.21 [ 88 C 6 ] which gives the length of the 
arrows in Fig. 4.48 for those spins confined to the c-plane while shorter arrows indicate a significant spin 
component perpendicular to the plane and parallel to the c-axis. The single-ion anisotropy of the Cr 2+ -ions 
favours spin directions perpendicular to the c-axis. But frustration of some spins may lead in the classical 
calculation to spin orientations parallel to the c-axis. On the whole, the spin configuration in Fig. 4.48 can 
obviously be thought as composed of such four-spin plaquettes. Villain’s chirality concept served as a 
basis for many other model calculations for the 2D XY spin glass. A basic question is that for the effect of 
disorder and frustration on the Kosterlitz-Thouless transition [73K3, 78K2] to a topological LRO and a 
transition to a ferromagnetic state due to finite-size effects in the pure 2D XY-model (cf. Sect. 4.1.8). To 
answer this question, Monte Carlo simulations were performed on the 2D ±J XY spin glass [81K14]. In 
their simulation of this chiral spin glass, Kawamura and Tanemura [85K2, 87K3] find a chiral ordering at 
T c = 0 and a spin glass susceptibility critical exponent y = 1.9(1). The Monte Carlo results of Jain and 
Young [86J3] predict also a transition at T c = 0 and yield for 2D systems the following values of the 
critical exponents 


7=1.80(5) v= 1.08(27) r) = 0.3(3) 

In contrast, Teitel and Jayaprakash [83T8] conclude from their Monte Carlo calculation for the fully 
frustrated XY-model a transition at a finite temperature T c > 0 and as in the 2D XY-model a universal 
jump of K e{{ (cf. Eqs. 4.48 a-c) near T c from about 2/jt to zero. They emphasize that the nature of the 
transition is deeply influenced by the existence of the chiral degrees of freedom. So, the theoretical 
situation seems to be not yet fully clarified. 

With respect to the experimental results on Rb 2 Cr 1 _ x Mn x Cl 4 , all transition temperatures from the 
paramagnetic phase (PM) to the ferromagnetically (F) or antiferromagnetically ordered phase (AF) and 
finally to the re-entrant spin-glass freezing (RSG) obtained by various groups working in this field 
[84M1, 86N3, 88H4, 88 K 8 , 88S7, 88T2, 89S1, 92S7] are compiled in the (T c , x) phase diagram of 
Rb 2 Cr,_ x Mn x Cl 4 (Fig. 4.49), see also [81M1, 82K6, 84K8, 86K12, 91S1], The data in Fig. 4.49 are 
widely scattered and especially the bounderies PM-F and PM-AF seem to be not very well defined. Some 
average values are indicated by dashed lines. And the question arises whether these transitions are really 
good phase transitions or whether the transition is destroyed as in 2D random-field systems which we 
have discussed in the preceding section. Doubts about the transition come up when for x = 0.70 [88T2] 
and x = 0.75 [88H4] the order parameter critical exponent deduced from the intensity of the (1,0,0) 
antiferromagnetic Bragg reflection is reported [3 = 0.5 for which no explanation is available. We note 
further that the magnetic excitations of Rb 2 Cr! x Mn x Cl 4 with x = 0.25, 0.59, 0.70 consist of wave-like 
magnons and dispersionless cluster modes (see Figs. 3.75-3.77 in Sect. 3.3.6). All these results are rather 
unusual but qualitatively identical for all three samples where one shows antiferromagnetic order, one 
spin-glass behaviour and one ferromagnetic order. This is possibly due to the high degree of disorder in 
these samples. Such disorder was, for example, reported for the x = 0.70 sample [88T2] where the inverse 
correlation length K and the relaxation rate r derived from the width in q and ft) of a rod scan at 
(1,0, 0.28) remain finite below the transition temperature far above the spectrometer resolution. The value 
of K stays at that level down to about 10 K where it increases again at the onset of a freezing process. 
Thus, the antiferromagnetic order in this sample is not long-ranged but finite. Our conclusion is that the 
magnetic order is of finite range in time and space for concentrations sufficiently away from the end 
members with true long-range magnetic order. For the x = 0.20 sample, the critical exponent (3 was 
deduced from the magnetic intensity of the (0,0,4) Bragg reflection as 0.223 [9 1S1 ] by analysing the 
experimental data by means of a new 4D integration technique in the ( q , ft)) space [92S9]. This value of (3 
is close to (3 = 0.231 for a 2D XY-model (cf. Eq. 4.66). 
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Finally, it is worth mentioning that also in Rb 2 Co x Cu 1 _ x F 4 disorder phenomena were observed in the 
ordered phases, e.g. for x = 0.88 with easy-axis antiferromagnetic order below r N = 88.1 K [92S1, 94S4, 
95 S2]. Upon lowering the temperature towards the inverse correlation length K does not vanish at 7\j 
but stays finite at a value K\ corresponding to / a = 14.5. The system exhibits a crossover from 2D Ising 
behaviour for T > T h to a multidomain state in the range 75 K< T< T N and to a 3D LRO with K' —> 0 
below 75 K. The analysis of the data above T N required an ansatz 

K=K l +KQt V (4.129) 

analogous to percolation (cf. Eq. 4.106) and to random field effects (Eq. 4.119) and where t is the reduced 
temperature. A fit of the experimental values for K to Eq. 4.129 at temperatures above T N yielded 

V = 1.02(4), Kq la* = 0.34(3) and JC 1 /a* = 0.011(2) (cf. Table 6). The critical exponent y was then 
determined by means of the relation 

f\q = 0)ideal = f\q = 0) [(*) + K 0 + i v )/( Ko t v )] 2_T1 ~ r‘ (4.130) 

A fit to the experimental data for X cc (c/ = 0) to Eq. 4.130 lead to y= 1.5(2). These values for the critical 
exponents (see also Table 6) compare well with the theoretical ones for the 2D Ising model (cf. Table 7). 
Thus, the experimental data are more uniform with respect to the phase transition properties for 
Rb 2 Co x Cui_ x F 4 with 2D Ising spin glass behaviour than for Rb 2 Cr,„ x Mn x Cl 4 which is a re-entrant 2D XY 
spin glass for intermediate concentrations x. Summarizing this section, we have seen from the 
experimental data and from theoretical considerations that these mixed systems with competing exchange 
interactions and with competing anisotropies exhibit a number of disorder phenomena. 


9.12.4.2 Dynamic Critical Properties and Relaxation 

9.12.4.2.1 Characteristic Frequency from Neutron Inelastic Scattering 

The fluctuations giving rise to the critical phenomena are not only frozen spatial fluctuations as discussed 
in context with the static critical behaviour in Sect. 4.1.5 but also temporal fluctuations. The latter will 
clearly have an effect on the correlation function (Eq. 4.22) and, consequently, on the neutron scattering 
cross section in Eq. 4.21 and can thus be studied experimentally. Such an investigation has been 
performed for Rb 2 CoF 4 [82H4]. As a first step in Sect. 4.1.5, we have bypassed the frequency dependence 
in the neutron scattering data by integrating Eq. 4.21 over ft) (cf. Eq. 4.24, quasi-elastic approximation 
[7 IB 1 ]). Now, we will focus our attention to this frequency dependence reflecting the temporal 
fluctuations which may be observed by inelastic scattering of neutrons with a triple-axis spectrometer. For 
the interpretation of such experimental data, the spectral shape function ft)) in Eq. 4.23 is to be 

considered for which also Eq. 4.25 applies in case of an uniaxial easy-axis antiferromagnet. As mentioned 
already in context with the static critical behaviour in Sect. 4.1.5, the transverse fluctuations will be 
strongly suppressed in Rb 2 CoF 4 due to the large anisotropy and only the longitudinal ones observed. 
Therefore, only F"(K. ft)) = F[K, ft)) will be kept in d 2 o/df2 d CO (Eq. 4.21) and all other F’^(K, co) are 
neglected. If it is justified to assume a single relaxation rate the spectral shape function will simply have 
the form of a Lorentzian [67H2, 82H4] 

F tl (K, ft)) = [7} (K)/n] ■ [/jf(tf) + ft ) 2 ]- 1 (4.131) 

where F^(K) is the relaxation rate or, in the sense of the dynamic scaling hypothesis [69H1, 77H2], the 
characteristic frequency of the longitudinal critical spin fluctuations. For the measurement of F (K. co) by 
neutron scattering, also rod scans are performed but now as constant-AT scans with a triple axis 
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Therefore, only F"(K. ft)) = F[K, ft)) will be kept in d 2 o/df2 d CO (Eq. 4.21) and all other F’^(K, co) are 
neglected. If it is justified to assume a single relaxation rate the spectral shape function will simply have 
the form of a Lorentzian [67H2, 82H4] 

F tl (K, ft)) = [7} (K)/n] ■ [/jf(tf) + ft ) 2 ]- 1 (4.131) 

where F^(K) is the relaxation rate or, in the sense of the dynamic scaling hypothesis [69H1, 77H2], the 
characteristic frequency of the longitudinal critical spin fluctuations. For the measurement of F (K. co) by 
neutron scattering, also rod scans are performed but now as constant-AT scans with a triple axis 


Landolt-Bornstein 
New Series III/27J3 



Ref. p. 485] 


9.12.4 Critical Phenomena 


403 


spectrometer. The wavevector transfer ist again K=Q 0 + q with Q t) located on the Bragg rod, e.g. 
Qo = (l, 0, f z ), and q perpendicular to the rod, e.g. </ = (£, £, 0). Similar to the approach in the investigation 
of the static critical properties it is advantageous to express /7i(AT) as function of q = \ q | and of the inverse 

correlation length k= Kq t v (T> T n ) instead of the reduced temperature t (cf. Eq. 4.27) 

r n (K) -» /],(?, k) (4.132) 

At T = r N , r (q, k) will go to zero, and according to the dynamic critical scaling laws [69H1, 71S1 ,77H2, 
82H4], it may be expressed as 

rj|(< 7 , k) = q T ■ Q\q/K) and T^q, k)= ■ Q ± (q I k) (4.133) 

In Eq. 4.133, z is the dynamic critical exponent, Qr(qlK) and Q ± (q/ k) are universal scaling functions 

homogeneous in ql K" [7 1 S 1 ] and "+" and " refer again to T> 7^ and T<T ti , respectively. Theoretical 
values for z are listed below in Table 8 for various systems. For the 2D Ising antiferromagnet, 
conventional theory yields z = 2 - q = 1.75. The results of various methods for calculating z have been 
reviewed by Mazenko and Vails [81 M3]. And it was the intention of an inelastic neutron scattering study 
of Rb 2 CoF 4 [82H4] to obtain a direct experimental value for z. In the constant-AT scans, the scan variable 
is the frequency ft). The experimental data are peaked at ft) = 0 and q = 0. We recall that in case of Co¬ 
compounds only X\(q. t) contributes to the signal in addition to r (q. K). The former is taken into account 
using the Fisher approximant (Eq. 4.29) and inserting there the experimental values q = 0.2 and, by using 

Eq. 4.32a for K , v + = 0.99.and Kq la* =0.362 (see Table 6 and [74S1, 7911]). By means of a fit of the 
neutron intensity /(ft)) to Eq. 4.131, then the width 7~j| in frequency space is obtained. For scans at T > 
on top of the rod, i.e. with q = 0 , the analysis of 17 yields values for z and for the critical amplitude Qq 
(see Table 6 and [82H4]) according to 


/]|(0, k) = Qt ■ k z + ... = Qo ■ (4) z -t m +... (4.134) 

The critical exponent z is here again determined by means of a log-log plot as shown for the static critical 
properties of K 2 CoF 4 in Fig. 4.7 in Sect. 4.1.5. A second possibility for the determination of z is to 
perform ft)-scans at T = T N (t = 0) for various values of q and to determine thus z and £2 () by means of 

/],(<?,()) = X2 0 -<7 Z + ... (4.135) 

The values of z obtained from the scans on top of the rod or across the rod at T = T N agree quite well 
within the limits of experimental error. The average value is z av = 1.69 (cf. Table 6), and it agrees also 
with the theoretical value 2 —q = 1.75 (cf. Table 8 below). 


9.12.4.2.2 Relaxation Time - Activated Dynamics - Aging 

Dynamic critical phenomena may not only be studied by neutron scattering as in the last section but also 
by ultrasonic studies near structural phase transitions and by measurements of the ac susceptibility. When 
the temporal fluctuations and the relaxation processes are the same as those contributing to the neutron 
scattering results on Rb 2 CoF 4 , the relaxation time T would simply be the reciprocal of the relaxation rate 
or characteristic frequency 77, i.e. r (q, k) in case of Rb 2 CoF 4 (cf. Eq. 4.132) 
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T=r-i~£ z ~ rzv (4.136) 

The relation between the relaxation time T and the power law of the reduced temperature l in Eq. 4.136 
was, for example, employed for the interpretation of the results of a computer simulation for a 3D short- 
range Heisenberg spin glass [8603], and a critical exponent zv = 5.9(2) was obtained. The critical 
divergence of the sound attenuation a near a structural phase transition at r cl [73R1, 81L] follows also a 
power law 


a = a 0 + a + t p with p = p + zv (4.137) 

where the exponent p is defined in Eq. 4.87a in Sect. 4.1.10 so that p—p yields zv. But this critical 
exponent is also obtained from an analysis of the frequency dependence of the sound attenuation and a 
determination of the relaxation time T 


a-a 0 -——- with t = to • (fi) zv (4.138) 

l + (cozy 

In Eq. 4.138, Tq is the critical amplitude of the relaxation time and t l = T/T C] - 1 the reduced time. Such 

ultrasonic studies with the determination of p, zv and T f j were performed on (CH 3 NH 3 ) 2 FeCl 4 [82Y2] 
and (C 2 H 5 NH 3 ) 2 FeCl 4 [83S1] near the continuous transition from the THT to the ORT phase (cf. Table 4). 
The results (see Table 6) compare well with theoretical predictions for the 3D XY-model [76M5], namely 
with the values p = 1.73 and zv = 1.36. 

The relaxation time T can also be determined from measurements of the ac susceptibility at various 
frequencies ft) = 2 j if and temperatures T 


X™(coJ) = dmjdh a = X : c (ft), T) + i Z : c (ft), T) (4.139) 

Eq. 4.139 combines the statements of Eq. 3.95 in Sect. 3.2.3 and of Eq. 4.52 in Sect. 4.1.8 where 
h ~ c 2k ' 1 ' is the ac field and m the response of the system to it. The superscripts a denote directions, either 
crystallographic ones (a = a, b, c) or coordinate axes (a =x,y, z). In general, the measured data i.e. 
the apparent susceptibility, have to be corrected for demagnetization effects in the way shown in Eq. 
3.94b in Sect. 3.2.3 (see also [89D3]). This correction procedure requires that both, xL and x'L are 
measured. If only X ac is available one should use the procedure for correction and analysis of the data 
employed by Kotzler et al. in their relaxation investigations [76K8]. If a system is studied with only a 
single relaxation mechanism and a single relaxation time T, the internal ^. 1C , corrected for demagnetization 
effects, can be expressed as the Debye equation [80H6, 80H10, 89D3] 



X aB (a>,T) = x td + X * . * ad 

1-1 COT 

(4.140a) 

with 

_ ,, , Xit~ Xad * _ (^it — Xad) &) 

Aac Aad Aac „ . .0 

1 + (ft) T) 1 + (ft) t) 

(4.140b) 


In the Eqs. 4.140, X^\ and Xit are die adiabatic and the isothermal susceptibility, resp., where Xn is 
obtained for ft) —> 0, i.e. for ft) so small that ft)T 0 « 1, and J. ld refers to ft) —> °°. For each frequency and 
each temperature, Tcanbe evaluated from Eq. 4.140 by means of [76K8, 80H6] 
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T = (Zit-Zad)dZac/d(-i<0) or T= Zac/[®'(Zac “ Zad)] (4-141) 

On K 2 CuF 4 [80H6] and (CH 3 NH 3 ) 2 CuCl 4 [7902, 8001], ac measurements were performed with the 
determination of r which is then analysed with respect to its divergence at the critical temperature. The 
correspondingly long relaxation times are responsible for the critical slowing down at the phase transition 
to ferromagnetic order in this case. The value for the exponent of t obtained in this procedure (cf. Table 
6 ), e.g. by means of Eq. 4.141, seems not to be simply related to zv. Therefore, a new exponent A was 
introduced for r from ac measurements [7902, 80H6] 


T ~C A (4.142) 

The difference between the static critical exponent y and A is the exponent of Onsager’s kinetic 
coefficient L [7902]. The value of A reported for (CH 3 NH 3 ) 2 CuC1 4 is A = 1.05 although y determined 
from %. dC ((0 —> 0) is 1.73 close to that for the 2D Ising model and thus zv could be expected also to be 
zv = 1.75 as in Rb 2 CoF 4 from neutron scattering (see last section and [82F14]). This example demonstrates 
that A is not equal to zv. Whether or not more than one relaxation time is involved in the relaxation 
processes can be decided by means of a Cole-Cole plot which is a semicircle for one relaxation time and 
which deviates from the semicircle if more than one r is taken into account. Elimination of (OT from Eq. 
4.140b yields the following equation for x' dc and %" c 

[Zac-}(Zit+Zad)] 2 +[Zac] 2 = { [*it ~ Zadf (4-143) 

which represents a semicircle because of x'L >0- For K 2 Cu 0 75 Zn 025 F 4 [80H10], the Cole-Cole plot 
reveals two curves which are nearly semicircles. One is due to spin fluctuations present from high 
temperatures to slightly below T c while the second appears slightly above T c and is observed also in the 
ferromagnetic region below T c . The latter is ascribed to ferromagnetically ordered clusters in this random 
system with a rather long lifetime. For the diluted sample (CF1 3 NFI 3 ) 2 Cu 0 92 Cd 0 08 Cl 4 [8001], the curves in 
the Cole-Cole plot for several temperatures (see Fig. 4.50) are undoubtedly semicircles for reduced 
temperatures t = T/T c — 1 > 0.8. But they deviate more and more from a semicircle form upon 
approaching the phase transition, i.e. for smaller t. Thus, the results indicate a single relaxation time far 
enough away from the transition but a distribution of relaxation times closer to T c . For t < 0.02, the Cole- 
Cole plot forms an angle of 45° with the x'ac -axis. The same behaviour is observed for the theoretically 
derived dynamic susceptibility of a spin glass with Gaussian bond distribution near T f [77K10]. 
Therefore, it is believed that these findings for (CH 3 NH 3 ) 2 Cu 0 9 2 Cd 008 Cl 4 are probably due to the 
randomness in this system. 

A really wide-spread distribution of relaxation time was found for the 2D short-range Ising spin glass 
Rb 2 Co 0218 Cu 0 782 F 4 the general properties and the static critical behaviour of which were already 
presented in Sect. 3.3.6 and 4.1.13, respectively. Dekker et al. [88D9, 88D1 1, 89D3, 90M] have measured 
the ac susceptibility / ac (ft), T), i.e. x'ac and xlc - f° r frequencies 0.3 Hz </< 50 kHz and for temperatures 
1 K<7<7K. From their results, the real part x'ac is presented in Fig. 4.51 where we note that the 
maximum which is equal to the freezing temperature 7} depends considerably on the frequency, from 
7f= 3.3 K for f= 0.2 Hz to T { = 3.75 K for/= 50 KHz. We recall further from Sect. 4.1.13 that theory 
predicts for 2D Ising systems a transition to a spin glass phase at T c = 0 while the experimental data for 
X' iC indicate a finite freezing temperature. The also determined results for the imaginary part Xac have 
already been reproduced in Fig. 4.45 in Sect. 4.1.13 in context with the determination of the static critical 
exponents y, v and q (cf. Table 6 ) by means of activated dynamic scaling (cf. Eq. 4.128 and Fig. 4.46) the 
concept of which will be elucidated in more detail in this section. In view of the extremely broad 
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T-distribution, the Cole-Cole equation was employed after the experimental data were corrected for 
demagnetization effects 


Z ac (co,T) = z ad + 


X[t Xad 

l-(ift) T c ) 1_a 


(4.144a) 


Xaci^i'T') Xad 2 ^X it Xad ) 


1 - 


sinh[(l-a)ln(co r c )]-i cos (a n/2) 
cosh[(l-a)ln(ft)T c )] + sin(a n/2) 


(4.144b) 


where T c is the mean or centre relaxation time and the parameter a determines the width of the 
distribution. For a= 1, the distribution becomes infinitely wide and, for a= 0, Eq. 4.144 reduces to Eq. 
4.140 with a single r, i.e. to the Debye equation. In the analysis of the experimental findings for 
Rb 2 Co 0 . 2 18 Cuo. 782 F 4 , the next step is to use the Cole-Cole plot for the determination of j it , %. dd and a. For 
a ^ 0, an additional term is added to Eq. 4.143 

\X'ac-' 2 (Xn+Xad)] 2 + + Xtc t ~ = j [/it ~ Xad f (4-145) 

2 tg[(l-a)7t/2] 4 


The values for a determined in this way are a = 0.848(5) at 6.00 K and a = 0.900(2) at 3.50 K as listed in 
Table 6. They are evidence that the distribution is extremely wide. The next step is to extract T c for each 
temperature by adjusting the experimental data to j' c and in Eq. 4.144 simultaneously and inserting 
the values for Xa& and a there. The resulting data for r c in Fig. 4.52 demonstrate the extreme slowing 
down of the system, T c increases over 18 decades from 10 12 to 10 6 s in the small temperature range from 
7 K to 3.5 K. A fit of these data to a conventional power law (Eqs. 4.136 and 4.138) yields unreasonable 
values for T c and zv. Therefore, activated dynamic scaling is more adequate for this disordered system 
with large randomness. While conventional dynamic scaling means r ~ £ z , activated dynamics is based 
on the droplet model of Fisher and Huse ([86F4, 86 F 6 ], see also [85V2]) where a typical droplet energy is 
F ~ L 6 where 0 is the stiffness exponent. Theoretical calculations yield 9 =-0.25 for a 2D Ising system 
[88F4] so that excitations of arbitrary low energy destroy the spin glass order at finite temperatures. The 
exponent v of the correlation length E, is then identified as V = | 0 | 1 from the condition that F is of order T 
and thus 


F~ T~L e ~ 

At shorter length scales, the dynamics of excitations and also the relaxation is governed by thermal 
activation over energy barriers of height B ~ LF where \|/ is the barrier exponent [85H5, 87F1, 91G3]. 
This leads to the relaxation time T— T 0 exp ( B / k B F) [87F2] or 

ln(T/T 0 ) =B/k B T~ g*IT~ T-b+W) (4.146) 

The solid line in Fig. 4.52 is the result of a fit of the experimental data in Fig. 4.52 for Rb 2 Co 0 , 2 i 8 Cu 0 . 7^4 
to the expression 


T c = T 0 exp[(Z>/7) 1+ n 


(4.147) 
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The fit extending over the temperature range 3.7K<7<6.8 K yields \|/V = 2.2(2), T 0 = (2 + 1) ■ 10 13 s 
and b = 10.8(6) K. With v = 2.3(4) reported in Sect. 4.1.13, the resulting values are (cf. Table 6) 

\|/v = 2.2(2) \|/ = 0.9(2) 0=-l/v =-0.43(7) 

For comparison, theoretical considerations [93M3] yielded 9 = -0.38(3) while \|/ is restricted to the range 
0 < \|/< 1 [93M3]. Other theoretical studies found 


0 = -0.25 

and 

v= 1 

for an Ising spin glass [88F4, 91G3], but 

0 = 1 

and 

\|/ = 0.25 

for a random Ising ferromagnet [85H5, 87H5]. 


Thus, both experimental values of dynamic exponents for activated dynamic scaling in 
Rb 2 Co 0 . 2 i 8 Cu 0 . V82 F 4 agree with the theoretical predictions, although the value for 0 is a little large 
compared to the second theoretical value. A last point with respect to these experiments is to elucidate the 
wide distribution of relaxation times in Rb 2 Coo. 2 i 8 C u o. 782 F 4 - The expression for this distribution according 
to Eq. 4.144 is 


g(r) 


1 sin (a ji) 

27i cosh[(l-a) In (t/t c )]-cos (a 7i) 


(4.148) 


For some representative temperatures, g(f) is reproduced in Fig. 4.53 which shows that g(t) is symmetric 
about r c . The widths of the curves extend far beyond the time window of the experiments (shaded area in 
Fig. 4.53) extending from 10 5 s to 1 s, corresponding to the frequency range 0.3 Flz to 50 kHz. The 
drastic increase of T c upon lowering the temperature and the extreme width of the distribution for x is 
probably a characteristic of the 2 D Ising spin glass a realization of which is Rb 2 Co 0 ^isCug 782 F 4 , and there 
are no experimental data available for another compound. 

The long relaxation times in Rb 2 Co 0 2 i 8 C u o. 78 2 F 4 mean that the system will need a corresponding long 
time (10 6 s = 3.86 months) until equilibrium is reached. To study such equilibration effects, i.e. aging of 
the system, measurements as a function of time are necessary. The aging of the sample means probably 
the growth of domains. For normal growth kinetics, the size R of a domain after a time t (note that t is not 
the reduced temperature here!) is R{t) ~ ( ll [62L3, 78K11, 80P5]. In case of activated dynamics with 
barriers of height B between domains we will have analogous to Eq. 4.146 

In (t/x 0 )=B/k B T~R v /T or R(t) ~ [rin(t/r 0 )] 1/v (4.149) 

Different classes for growth kinetics including the two above cases were studied by Lai et al. with Monte 
Carlo simulations [88L2]. Several time-dependent studies were performed on members of the 
Rb 2 Co x Cu!_ x F 4 family by Schins et al. [91S2, 93S2, 93S3, 95V, 96M], Measurements of the dc 
susceptibility were made with FC or ZFC procedures and introducing some waiting time before taking the 
data. Also the ac susceptibility was measured, in this case also as a function of time. Let us concentrate on 
the studies of/. lc and the analysis of the experimental data. Following the lines of Fisher and Fluse [88F3, 
88F4], Schins et al. [93S2, 93S3] employed for the analysis of their data an expression for the time- and 
frequency-dependent ac susceptibility based on Eq. 4.149 

Zac (ft), 1 ln(ft)/ft)p) | 

Zac (ft), 0 L ln(t/T 0 ) 

where x'ac (ft), 00 ) is the equilibrium value for t —> An analogous expression exists for Zac (ft), 0 - The 
ac investigations start with a quench of the sample from a temperature well above T f , i.e. 8 K or 9 K, to a 
temperature close to T f , i.e. 3.7 K, 3.9 K, and 4.1 K. The frequency range is chosen to optimize the 
experimental time window with respect to the relaxation times (Fig. 4.52), e.g. 0.01-10 Flz for a spin 


(4.150) 
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glass sample with x = 0.22. The ac susceptibility, %' ac and % ac were then studied for various frequencies 
as a function of time, typically up to 10 4 s. The experimental data obtained in this way fit well to Eq. 
4.150 with the choice T 0 = 1 /(O 0 = 2 ■ 10~ 13 s. The only fit parameter is then the exponent (d - 0)/\|/, and the 
values obtained in the fit are (see also Table 6) 

x = 0.11 (ferromagnet) (d - 0)/\|/= 5.0(9) \|/ = 0.20(5) [93S2, 95V] 

x = 0.22 (spin glass) (d - 0)/\|/= 2.4(2) -H> \|/ = 0.93(10) [93S2, 93S3] 

x = 0.33 (spin glass) (d - 0)/\|/= 2.1(2) \|/= 1.06(10) [91S2, 93S3] 

The values of \|/ were calculated using the theoretical values for 0, namely 0 = 1 for the random 
ferromagnet and 0 = -0.25 for the spin glass. These results indicate that aging and activated dynamic 
scaling is not only found in the 2D spin glasses but also in samples of Rb 2 Co x Cui_ x F 4 with ferromagnetic 
order confirming the findings about disorder and randomness in the mixed magnets with competing 
exchange interactions in Sect. 4.1.13. The aging and domain growth in a 2D Ising spin glass with 
Gaussian bond distribution was also the subject of extensive Monte Carlo simulations [94R] by 
calculating the autocorrelation function which scales with t/l(t w ) where t is the time and ris equal to the 
waiting time t w for t w smaller than the equilibrium time. The results are compatible with E, ~ (In G') 1 ' 4 
(\|/ = 0.63) but can also be fitted to conventional power law. 

Also in diluted systems like Rb 2 Co x Mg!_ x F 4 , time evolutions were observed which are not compatible 
with a domain growth proportional to t 11 but give evidence for logarithmic time dependence, for example 
in studying the time variation of magnetic order after a rapid quench by measuring the Bragg intensity I(i) 
of the (1,0, 0) reflection [8312] or by observing the equilibration in random field systems [8314, 85B3, 
85B4]. We recall from Sect. 4.12 that a uniform field H 0 creates a random field in diluted systems and 
destroys the long-range magnetic order in 2D systems. The recovery of LRO after switching off the 
external field H 0 was investigated as a function of time for Rb 2 Co 0 .6Mgo. 4 F 4 with a Co 2+ -concentration 
close to the percolation threshold x p = 0.593. The time dependence of the magnetization M turned out to 
be proportional to [In /| x , apart from a constant term [9011, 9414], This is exactly the form of Eq. 4.150 
and thus an indication of aging in the sense discussed above. The value for x was found as 
x = (d - 0)/\|/ = 3.5 at 15 K. Another aspect of such diluted system is that they have fractal properties. The 
scattering function S(co) was studied by high-resolution neutron inelastic scattering for Rb 2 Co 06 Mg 04 F 4 
[9513]. The experimental data can well be described by the following form of S(co) 

+oo 

S(co)= f S(K , ft)) d 3 K = / s , + B & ft)" 0 35(6) (4.151) 

i &> + r 

where the first term is the usual Lorentzian describing the critical scattering near T N and the second term 
is due to anomalous spin diffusion, i.e. the diffusion of random walks on a percolating network. The 
theoretical description for this term is based on the work of Alexander et al. on fractals [82A, 83G3]. It 
yields for the exponent 


D f / (2 + 0) - 1 =-0.340 

with the fractal dimension D f = 1.896 and 0 = 0.871. Aeppli et al. [84A, 86A5] have determined the 
dynamic critical exponent z = 2.4 for Rb 2 Co 0 _ 5 gMg 0 42 F 4 (cf. Table 6) and ascribed this value higher than 
z=1.69 for pure Rb 2 CoF 4 to anomalous spin diffusion. But according to theoretical studies [85FT3, 
85R5], the larger value of z for Rb 2 Co 0 5 gMg 0 42 F 4 may well be due to dynamical critical fluctuations near 
the percolation threshold in Ising systems. 
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Weak quasi-static singularities [95B2] were observed for the diluted ferromagnet K 2 Cu 08 Zn 02 F 4 in 
the Griffiths regime by measuring the susceptibility y_' in zero magnetic field. Griffiths singularities 
[69G2] are expected in diluted ferromagnets in the temperature range between the Curie temperature of 
the pure material T^O) and the Curie temperature of the diluted system 7c(x) [85R4, 87B6]. Theoretical 
studies, including Monte Carlo simulations, mainly focussed on the dynamic aspects of the Griffiths 
phase, i.e. on the long-time behaviour of the autocorrelation function [88B4, 88D6, 89B5, 89C4, 92A2]. 
Thus it seems important that some experimental data on a diluted ferromagnet are reported. Significant 
deviations are found from the expected critical behaviour of %' ~ I T— 7’ c (x)] _Y at temperatures slightly 
below ?c(0) by a linear regression data analysis. 


9.12.4.2.3 Spin-Wave Lineshape of a 2D Heisenberg Ferromagnet 

The static and dynamical behaviour of the correlation function will also influence strongly the lineshape 
of the spin waves of a magnetic system, i.e. the lineshape of the observed signal in neutron inelastic 
scattering. This has been studied in detail experimentally for K 2 CuF 4 by Moussa and Villain [76M3, 
77M1] and by Flirakawa et al. [83H4] and the experimental data have been compared to the theoretical 
expressions for a 2D Heisenberg ferromagnet [76M3, 77M1]. The neutron scattering cross section and the 
scattering function corresponding to inelastic neutron scattering are completely analogous to the cross 
section for diffuse or quasi-elastic neutron scattering derived in Sect. 4.1.5 (cf. Eq. 4.21) with the 

scattering function .S'jf (K. ft)) (Eq. 4.23) which is the Fourier transform in space and time of the 
correlation function G a \r, I) (Eq. 4.22). In a similar way, the cross section for inelastic neutron scattering 
is proportional to the scattering function S(q, ft)) where q is the magnon wavevector in the first Brillouin 
zone and fico the magnon energy and where the superscripts a(3 (xx, yy, zz or ££, qq. ££) are omitted 
according to the notation of Moussa and Villain [76M3]. In their theory, S(q, of) is the space and time 
Fourier transform of the following correlation function 

(Ptfr, 0) syy, t) + S^r, 0) s n (r', t)) (4.152) 

where Si and .S n are the transverse spin components in the (q, rj, £) coordinate system introduced for 
K 2 CuF 4 in context with Eq. 3.71 in Sect. 3.2.1 for the application of the Holstein-Primakoff transform so 
that the spin components Si and .S' n are finally related to the magnon creation and annihilation operators 
which are required for the inelastic neutron scattering process. The experiments on K 2 CuF 4 for the 
determination of S(q, of) have been performed [76M3, 77M1, 83H4] in that wavevector range where 
K 2 CuF 4 is a good approximation to a 2D Heisenberg ferromagnet (cf. Sects. 3.2.1, 4.1.7-4.1.9), i.e. the 
range 0.1 <£<0.5 for both, q = (£,0,0) [83H4] and q = (£,£,0) [76F, 76M3]. The experimental data 
agree rather well with the theoretical predictions for the spin-wave lineshape, i.e. for the scattering 
function S(q. of) of a 2D Heisenberg ferromagnet. Since magnons have been measured in the Heisenberg 
range (£ x >0.1) also above T c up to temperatures near 2 T c , the comparison between experiment and 
theory is performed not only for temperatures below the Curie temperature T c but also for temperatures 
above T c . Since the 2D Heisenberg model does not develop a spontaneous magnetization, the theory 
cannot be based on an order parameter M but the spin-spin correlation function (cf. Eq. 4.22 in Sect. 4.1.5 
and Eq. 4.47 in Sect. 4.1.8) may be used. Its spatial dependence is for low temperatures [76M3] 


/ yl/27tA: 

W-W-U (4 - 153) 

where r is the distance r - r |, a the lattice constant and K = (2S 2 J)/ (k B T) here again the ratio of the spin- 
wave stiffness and the temperature. As in Eq. 4.47, no averages (S^(r)) and (5^(0)) are subtracted in Eq. 
4.153 because they vanish at all temperatures due to the lack of LRO in the 2D Heisenberg model. 
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Analogous to L cir = (£,!a) ~ (J//) 112 (cf. Fig. 4.23 for Rb 2 CrCl 4 in Sect. 4.1.8, Moussa and Villain define 
a characteristic length of the system 


i\/ a = -Jk B T / J' (4.154) 

which separates 3D from 2D behaviour due to the interlayer exchange coupling J' (cf. Eq. 3.69 in Sect. 
3.2.1). For all lengths smaller than r h the system can be expected to behave as a 2D Heisenberg model. 
The difference with the considerations about the 2D XY-model is that in Eq. 4.154 k B T is used instead of 
the Heisenberg exchange constant J so that r : temperature-dependent while L cll is not. For a real system 
like K 2 CuF 4 , a second crossover is expected from 2D Heisenberg to 2D XY behaviour. In the theory of 
Moussa and Villain, this crossover should occur near 

r 2 /a = i]k B T/J A (4.155) 

where J A is the constant of the out-of-plane anisotropic exchange (cf. Eq. 3.69 in Sect. 3.2.1). It follows 
from Eqs. 4.154 and 4.155 that K 2 CuF 4 will behave according to the 2D XY-model in the range 
r 2 <r< r\. But fortunately, the effects of the 2D XY-model instead of the 2D Heisenberg model on the 
spin-wave linewidth compensate each other [76M3] and thus these results are not changed by the 2D XY- 

range. Next, Moussa and Villain have derived a mean value (M) of the magnetization for the 2D 
Heisenberg model resulting from the interlayer coupling. In their theory, (M) is obtained as a 
dimensionless magnetization per spin 


(M) = 5(fl/q) 1/4rf = S(J'/k B T) 1,SnK 


(4.156) 


wi tli K as already defined in Eq. 4.153. (M ) in Eq. 4.156 agrees with the results of Berezinskii and Blank 
[73B4]. It is, on the other hand, very similar to the result of Hikami and Tsuneto [80H7] for the 2D XY- 
model with interlayer coupling. Not all details of the theory of Moussa and Villain [76M3] can be 
reproduced here but only the essential results. They have considered for temperatures below T c the 
Fourier transform S(q, ft)) of the correlation function Eq. 4.152. There are two contributions to S(q. ft)), a 
5-function-like and a smooth part. At low temperatures, e.g. T = 2 K for K 2 CuF 4 , the 5-function part is 
dominating and the smooth part can be neglected 


S(q, co) = (M) 


5(ft)-tu q ) 
1-exp (-hco q /k B T) 


+ 


5(ft) + ft) q ) 
exp (fico q /k B T)- 1 


(4.157) 


where (M) is given by Eq. 4.156, co q by Eq. 3.72 (Sect. 3.2.1) for q = (£,0,0) [83H4] and by 
2zSJ\\ - cos(2rc£)] for </ = (£,£, 0) [76F]. For these low temperatures, we have Ti(O q »k B T and 
exp ( ti ft) q / k B T) »1 and may approximate Eq. 4.157 as follows 

S(q, ft)) = <M) 5(ft)-ft) q ) (4.157a) 

The 5-function lineshape in Eq. 4.157 means that the experimentally observed lineshape depends on the 
resolution function of the neutron spectrometer employed in the experiment. In Eq. 4.157 or 4.157a, the 
prefactor (M) (Eq. 4.156) becomes (M) = 0.826 S with the numerical values for K 2 CuF 4 at 2 K (see 
Table 5 and [83H4]). For temperatures near T c , e.g. T= 6 K for K 2 CuF 4 , the width of the measured 
neutron groups is much larger than at low temperatures so that S(q, co) can be approximated by the 
following smooth curve 
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S(q,CO) 


J- +--r— 

2 exp 


1 


/k B T)~ 1 


+ I 


^LS 




(4.158) 


where the upper sign corresponds to the creation of a magnon and the lower to the annihilation. In Eq. 
4.158, A iS is a constant factor. It is noteworthy that in this theory K is used without any renormalization 
due the presence of vortices as in the theory for the 2D XY-model (cf. Eq. 4.48b in Sect. 4.1.8). For the 
comparison with the experimental data, the following approximation of Eq. 4.158 has been used [83H4] 


S(q,CO) 


u.s 




(4.158a) 


Finally, let us consider the experimental results above T c in the 2D Heisenberg range (C > 0.1) [76M3, 
77M1, 83H4]. For T> T x = 7.3 K (cf. Sect. 4.1.9), the theoretical derivation of S(q, CO) has to start from a 
different form of the correlation function which is governed by the correlation length <g, the inverse K of 
which has been determined by neutron scattering experiments above T c [82H5, 82H6]. On this basis, 
Moussa and Villain [76M3] obtain the following expression for the scattering function for temperatures 
above T x > T c , e.g. T= 9 K and 12 K for K 2 CuF 4 , 


S(q,co) = 


( 1 1 

i-n/2| 

IaJ 

1 


2(l-il/2) 


jt • q/2 


[1+(/7ft) - hco q ) 2 Irl i 1 ^ 4 [1 +(hco - Tm„ ) 2 Irl] V2 ~^ 


In Eq. 4.159, _T q is a special damping different from the usual magnon-magnon interactions: 

r q =r{q) = Kdcoldq x )l(2t;) 


(4.159) 


(4.159a) 


which vanishes for £ = 0 and for £ = 0.5 because of 3ft)/ 3 q x = 0 at these points in the center and at the 
boundary of the Brillouin zone. And this damping is further proportional to the inverse of the correlation 
length K= <g~' which increases with increasing temperature above T c . In their applications of Eq. 4.159, 
Moussa and Villain have treated g and T) as fit parameters while Hirakawa et al. have taken the 
experimental values obtained by neutron scattering experiments [82H5, 82H6]. The good agreement of 
these theoretical results (Eqs. 4.157-4.159) with the experimental data confirms once more that K 2 CuF 4 is 
a good realization of the 2D Heisenberg model in the considered range of large wavevectors fC > 0.1). 
Finally, the theory explains the spin-wave lineshape quantitatively for temperatures from 2 K lip to 9 K 
and qualitatively beyond 9 K. 


9.12.4.2.4 2D XY-Model: Influence of Vortices on S(q, co) 

The static critical properties of the 2D XY-model have been dealt with in detail in Sect. 4.1.8. The 
particular properties of this model originate from the Kosterlitz-Thouless transition at ^kt to a topological 
long-range order which is formed by bound vortex-antivortex pairs. And this special kind of phase 
transition is mediated by the unbinding of the pairs into an ideal, dilute gas of free vortices. It is not the 
intention of this section to repeat the static critical properties of the ideal and the finite-size 2D XY- 
model. Here, we will discuss the influence of the vortices on the dynamical properties. Such an influence 
was already mentioned in Sect. 4.1.8. For example, the spin-stiffness, at low temperatures 2 S 2 J or 

K = (2 S 2 J)/{kpT), is strongly renormalized to 2.S' 2 ./ crr or X eff at temperatures near T K[ (cf. Eqs. 4.48a and 
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4.48b) due to the presence of vortices. An analogous renormalization is found in the magnon energies for 
wavevectors which correspond to the 2D XY-range (cf. Eq. 4.51) which is also considered as a rounded 
universal jump of the 2D XY-model. 

Let us focus our attention now to temperatures above T c (or T* or r KT ) where the vortices form a 
dilute gas. Theoretically, the motion of these free vortices has been studied [82H7] and the vortex 
velocity autocorrelation function been derived, also magnon bound states in the presence of a single 
vortex [92C1] and the motion of a second vortex in the presence of the first one [91 VI]. Ouantum 
fluctuations and corrections to the energies of a vortex-antivortex pair may induce an interaction between 
the vortex and the antivortex [89R, 94P3]. For the response of the system to inelastic neutron scattering, 
i.e. the scattering function S'^Hq. ft)), a central peak at ft)=0 was predicted for the longitudinal spin 
components due to the influence of the unbound vortices [80H9, 89G4]. Its width is determined by the 
vortex velocity autocorrelation function. Monte Carlo molecular dynamics simulations [86K3] have 
confirmed the existence of such a central peak as shown in Fig. 4.54 for a representative function S(q. ft)) 
without specifying the coordinates a and (3. At T =0.5, the results exhibit the usual spin-wave peak at 
CO~ 4 (in reduced arbitrary units). As in Sect. 4.1.8, T = (k B T) /(2S 2 J) is the temperature relative to the 
spin-stiffness (cf. Eq. 4.43a). At T = 0.80 and T = 0.82, a central peak develops in the Monte Carlo 
results in Fig. 4.54, and at T — 0.9, the spin-wave peak has disappeared and only the central peak 
remains. The result of other theoretical calculations is also that a dilute gas of mobile solitons induces a 
central peak in S(q. co) [92P] as well as bound pairs of vortices at low temperatures [93P2]. 
Experimentally, central peaks have been observed for both easy-plane ferromagnets, K 2 CuF 4 [92M2] and 
Rb 2 CrCl 4 [88B2, 92B2]. Inelastic neutron scattering on Rb 2 CrCl 4 with a neutron polarization analysis 
[88B2] has provided information about the contributions to the scattering functions S yy (^, ft)) (non-spin- 
flip scattering), S xx (q. CO) (spin-flip scattering) and S"(q. ft)). Some of the experimental data for T= 50 K 
are displayed in Fig. 4.55. The scans were taken near K = (0, 0, -2.9c*) in a vertical magnetic field of 0.2 
T strong enough to prevent neutron depolarization by the sample but sufficiently weak not to suppress the 
critical scattering. The spin-flip data (SF = S xx , open circles in Fig. 4.55) consist of two spin-wave peaks 
and a weak central peak. The non-spin-flip data (NSF = <S yy , filled circles) exhibit a strong central peak 
and its longitudinal polarization indicates its diffusive origin. The solid lines in Fig. 4.55 represent fits to 
the experimental data where both Lorentzians and squared Lorentzians gave equally good fits. 
Summarizing the experimental results, there are four sources for the dynamic critical scattering in 
Rb 2 CrCl 4 : 

1 ) in-plane spin waves at the expected energy lico q 

2 ) a strong central peak originating from in-plane longitudinal fluctuations 

3) a weak central peak corresponding to in-plane transverse fluctuations 

4) a weak central peak due to out-of-plane transverse fluctuations. 

These features have been observed experimentally in the temperature range where Rb 2 CrCl 4 shows 2D 
XY-behaviour and where vortices will strongly influence the spin fluctuations. The experimental data can 
be compared to detailed theoretical predictions for the scattering functions S u ^(q. co). Assuming an ideal 
gas of freely moving vortices, the results exhibit central peaks for both, in-plane and out-of-plane 
fluctuations [87M2, 88M2, 89G4, 89M2, 92V]. The predicted lineshape is different for transverse in¬ 
plane fluctuations \S xx {q. ft))] and for out-of-plane fluctuations [£“(</, ft))], a squared Lorentzian and a 
Gaussian, resp., because these central peaks are due to quite different mechanisms. Similar results have 
been obtained by high precision Monte Carlo simulation [92L1]. But the calculated widths of the central 
peaks show a significant deviation from the experimental data so that future theoretical work may have to 
include additional interactions [92V]. 
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9.12.4.2.5 Critical Broadening of the NMR Linewidth 

Another experimental access to the dynamics of the correlations and thus to the dynamical critical 
properties is provided by the investigation of the broadening of the linewidth in nuclear magnetic 
resonance in the paramagnetic regime (T > r N ) when approaching T K . Let us describe again the linewidth 
as a width AZZ NMR in magnetic field, i.e. full width at half maximum. This broadening is then usually 
expressed as a power law 


A^nmr - A^nmr + C nmr t (4.160) 

The second term of the sum in Eq. 4.160 is the critical part and the first term AZZnmr the noncritical one. 

Both, Cnmr and AZZnmr can be assumed to be temperature-independent. The NMR linewidth is related to 
the spin-spin relaxation time T 2 . It probes the two-spin correlation function as defined in Eq. 4.22 in Sect. 
4.1.5 and therefore also the temporal spin fluctuations of the magnetic system near the critical 
temperature. A detailed derivation of AZZ NMR has been presented in a review by Benner and Boucher 
[90B1] on the basis of this correlation function and the hyperfine coupling between electronic and nuclear 
spin. Here, only the basic steps of this derivation will be presented. The critical part of Eq. 4.160 can be 
elucidated by the following form 

A^NMR ~ A^NMR ~ ^NMR '^'T, X (<7> t)/r(q, K) (4.161) 

q <K 


where x( c h 0 is the susceptibility and T\q, K) the characteristic frequency as defined in Eqs. 4.24, 4.27 
(Sect. 4.1.5) and 4.131. For an antiferromagnet, we have to choose for K=Q 0 + q the Q 0 on an 
antiferromagnetic rod and x( ( l- t) is the staggered susceptibility. For a ferromagnet, on the other hand, Q 0 
will be located on a ferromagnetic rod and x(q, t ) is the ordinary susceptibility. In the Heisenberg model, 
X(q,t) and r\q,K ) will be isotropic, i.e. X^ = Xp , = X^ z = X and T xx = T 57 = T 22 = T while in the 
anisotropic Ising model, only % zz = X\\ an d r zz = Tj will contribute to AZZ NMR . In Eq. 4.161, H NMR is an 
abbreviation for the usual geometric factors associated with the hyperfine interaction and T is the 
temperature. In this way, AZZ NMR is related to the correlation function and reflects thus the spin 
fluctuations near the critical temperature. For deducing a theoretical expression for the exponent w in Eq. 
4.160, it is convenient to introduce the dimensionless variable x = qlK, to convert the sum Z q to an 
integral and to express X and r as functions of x 

^ JC d J dx x d-1 ^(9,0^x-‘ 2 +t| -j(x) r(q,K)->K z ■ Q + (x) 

q x<i 

which leads to the following form for the NMR linewidth 

AZZ nmr -AZZnmr =4qMR-^K- d ' 2+n “ Z J dxx d ~ l X (x) / U + (x) (4.162) 

If the integral over v in Eq. 4.162 is well-behaved and finite and if the hyperfine factor A does not vanish, 
the term with /r is the leading term for T —> T^(k —> ()) and the exponent w is obtained by means of K~ t v 
as the following scaling relation [74H3, 90B1] 

w = v(2-d-r| +z) (4.163) 
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Values w calculated by means of Eq. 4.163 are compiled below in Table 8 for various systems. Please 
note that the values for z and w are different for ferro- and antiferromagnets [77H2] in contrast to the 
static critical exponents in Table 7. Experimental data are shown in Fig. 4.56 for the quasi-two- 
dimensional antiferromagnet K 2 MnF 4 . The results presented there illustrate that the critical broadening is 
observed only in 19 F r NMR and not in 19 F lr NMR for the reasons discussed already in context with Fig. 
3.6 in Sect. 3.1.3, that the F r ions probe the sublattice magnetization, the staggered susceptibility and thus 
the longitudinal spin fluctuations and that the F lr ions are sensitive only to the net magnetization and the 
corresponding susceptibility (cf. insert to Fig. 4.56 and Fig. 3.7). The broadening of the F r NMR 
linewidth is observed for H u || c and for H 0 ±c. The solid lines in Fig. 4.56 are the result of a fit to Eq. 
4.160. The exponent w determined in this way, w= 1.5 for H 0 \\c and also for H 0 ±c, is in good 
agreement with the theoretical value for a 2D Ising system (cf. Table 8 below). The NMR linewidth of the 
F n -ions in Fig. 4.56 is considerably smaller than that of the F r ions where we have to note the logarithmic 
scale for A/7 NVIR . Its temperature dependence reflects that of noncritical spin fluctuations which is 
governed by spin diffusion [74B4, 90B1]. 


9.12.4.2.6 Critical Broadening of the EPR Linewidth 

Information about the time- or frequency-dependence of the spin correlations and the dynamic critical 
phenomena can also be obtained by measuring the EPR linewidth AH EPR above T N , usually as a function 
of temperature and in many cases also the angular dependence of AH EPR . Investigations of this kind are 
usually performed not only for the relatively small critical range near T N but also at much higher 
temperatures up to room temperature because of the interesting properties especially of low dimensional 
magnetic systems with respect to relaxation and temporal correlations at these temperatures. The EPR 
linewidth AH EPR is presented as full width at half maximum if an EPR transmission spectrum is recorded 
and as peak-to-peak linewidth in case of an EPR derivative spectrum. Experimental results are shown in 
Fig. 4.57 for (CH^NF^MnCLtas a function of temperature T for H 0 || c (y/= 0°) and for H 0 at an angle of 
55° to the c-axis (i//=55°) [72B6, 75B6]. The temperature range from slightly above T N = 45.3 K to 
about 70 K shows the critical broadening of AH EPR and the range from about 80 K to 300 K a linear 
increase of A H EPR with T. This temperature dependence can be written as [68S3, 71C4, 73 W6, 75B6] 

A^EPR = ^epr + -^epr ' T + Cepr ' ? p (4.164) 

The decrease of AH EPR with decreasing temperature is known as "exchange narrowing". The linear In¬ 
dependence is the result of phonon modulation of the exchange interaction. This and other aspects of the 
EPR linewidth at temperatures far above T H will be discussed below in Sect. 4.2.8. In this section, we will 
concentrate on the critical broadening which can also be expressed as a power law analogous to the NMR 
linewidth [72W2, 73H4, 77H3] 


A^epr ~ A// EPR + C EPR -t p (4.165) 

where the second term is the critical part diverging at T N for p > 0. In the noncritical part, the linear In¬ 
dependence can be neglected in the small critical range and the first two terms of Eq. 4.164 are comprised 

to a constant AH EPR . Also C EPR is assumed temperature-independent analogous to Eq. 4.160. Theoretical 
considerations for AH EPR are similar to those for A77 NMR [90B1 ] but more sophisticated since AH EPR is 
related to four-spin correlation functions which are usually decoupled into products of two-spin 
correlation functions. Further the geometrical factors of the hyperfine coupling denoted as A in Eq. 4.161 
have to be replaced for EPR by dipolar geometrical factors F since the relaxation of the fluctuations 
occurs in this case via the magnetic dipolar interactions [72H3, 73H4, 90B1]. Thus the factors I 7 are the 
spatial Fourier transform of dipolar lattice sums [90B1] as discussed in context with the dipolar 
anisotropy field Had (cf- Eq. 3.12 in Sect. 3.1.2). A similar scaling analysis as for AH NMR can also be 
performed in this case for obtaining a theoretical form for the exponent p. Unfortunately, the leading 


Landolt-Bornstein 
New Series III/27J3 



Ref. p. 485] 


9.12.4 Critical Phenomena 


415 


dipolar geometrical factor F vanishes in some cases, e.g. in uniaxial lattices and the Ising model for both, 
ferromagnets and antiferromagnets. Therefore, we will derive here no general form for p. Such derivation 
is presented in detail in [90B 1 ]. Further, the reader finds the numerical results for various cases in Table 
8. These data are mainly taken from Table I in [90B1]. Some of the data are also found in other sources 
[73R2, 74B4, 74H3]. The numerical values of z, w and p have been calculated with the values of v and q 
compiled in Table 7. Since some experimental data refer also to the 2D Fleisenberg model this has been 
included here although it exhibits no ordinary phase transition. In this case, the values V = 0.93 and 
r| =0.11 have been taken from a renormalization group analysis by Fisher [74F2]. For the Ising model, 
two cases a) and b) have been listed in Table 8. The entry a) refers to a nonvanishing dipolar geometrical 
factor in the theory for A// EPR which happens, for example, in antiferromagnets with an orthorhombic 
lattice. The entry b) gives the values of the exponents if this dipolar factor vanishes as it does in uniaxial 
lattices, i.e. for most of the perovskite layer structures. This means that the EPR linewidth will not show a 
critical broadening near T h for Ising model uniaxial antiferromagnets but will remain finite and uncritical 
at T N which is indicated as z = 0 (const) in Table 8. This z = 0 (const.) must not be confused with a 
logarithmic singularity as for the specific heat of the 2D Ising model listed in Table 7 as a = 0 (log). 


Table 8. Theoretical values for the exponents z, w and p 



z 

w 

P 


Ferromagnets 

2D Ising 

4-ri = 3.50 

v(4 - 2r|) = 3.50 

a) v(6 - 3q) = 5.25 

b) v(2-3ri) = 1.25 

2D Heisenb. 

0.5(d + 2-ri) = 1.90 

v(2 - 1.5r\) = 1.71 

v(2 - 1.5ri) = 1.71 

3D Ising 

4-ri = 3.97 

v(3 -2r|)= 1.85 

a) v(5 - 3rj) = 3.09 

b) v(l - 3r|) = 0.57 

3D Heisenb. 

0.5(d + 2- r|) = 2.48 

1.5v(l -ri) = 1.02 

1.5v(l - ri) = 1.02 


Antiferromagnets 

2D Ising 

2-r) = 1-75 

2v(l -ii)= 1.50 

a) v(4 - 3ii) = 3.25 

b) 0 (const.) 

2D Heisenb. 

0.5d = 1.00 

v(l -ii) = 0.83 

v(3 - 2ri) = 2.59 

3D Ising 

2-11 = 1-97 

v(l -2ri) = 0.59 

a) 3v(l -11) = 1.83 

b) 0 (const.) 

3D Heisenb. 

0.5d = 1.50 

0.5v(l - 2r\) = 0.33 

v(2.5-2ri) = 1.72 


Several experimental studies have been performed on the temperature dependence of the EPR 
linewidth in the critical region above but close to r N (see Table 6). The results of de Wijn et al. [72W2] 
for A// epr ( 7) in K 2 MnF 4 are reproduced in Fig. 4.58. The same drastic increase of A// EPR as in Fig. 4.56 
for approaching from above is shown here in more detail for H 0 || c and for H 0 Fc. The fit of he 
experimental data to Eq. 4.165 (full lines in Fig. 4.58) yields exponents p = 2.5(2) for H 0 \\c and 
p = 2.4(2) for H {) _L c. These values do not agree with the theoretical ones for 2D Ising antiferromagnets in 
Table 8 but agree quite well with those for the 2D isotropic Heisenberg model. It is astonishing that the 
experimental critical data of an easy-axis antiferromagnet like K 2 MnF 4 do not exhibit the 2D Ising 
character as all other data discussed so far. The insert to Fig. 4.58 shows the angular dependence 
A// hi , r ( i//) of the EPR linewidth at 50.6 K ( = t = 0.20). In this experiment, the external field //„ has been 
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applied under various angles y/with respect to the c-axis (cf. Eq. 3.43 in Sect. 3.1.6). The full line in the 
insert of Fig. 4.58 illustrates that A// EPR (yz) fits well to the form [72W2] 

A// EPR (y/) = A// l (3cos 2 y/-l) + A// 2 (4.166) 

where A//, and A H 2 are constants. The experiments have further shown that there is no anisotropy of the 
EPR linewidth in the basal plane (A// EPR ^/(/3) where /3 is the angle between H 0 and the a-axis, cf. Eq. 
3.43 in Sect. 3.1.6). For these temperatures slightly above the critical temperature T N , A// EPR is dominated 
by processes which induce a cos 2 1 //or sin 2 1 // angular dependence. An alternate form to Eq. 4.166 is 

A// EPR (y/) = AH[ (1 - 0.5 sin 2 !//) + AT/' (4.166a) 

Eqs. 4.166 and 4.166a are equivalent yielding both a maximum for H u || c (t//= 0°) and a minimum for 
H 0 || a (y/ = 90°). The second form Eq. 4.166a was predicted for the angular dependence of AZ/ EPR in 
theoretical considerations for the critical broadening of A H EPR [73FI4] where one has to take account of 
the dominance of short-wavelength spin fluctuations of the dipolar field near Q 0 , the superlattice 
wavevector describing the antiferromagnetic order. This theory is based on a similar one developed for 
3D antiferromagnets [72R3]. 

Our next example is the double-layer compound K 3 M 112 F 7 . The experimental data in Fig. 4.59 present 
the log-log plot for the determination of the exponent p from AZ/ EPR (7) for H 0 || c and //„ A c. For the 
range 0.1 <t< 0.35, a straight line is obtained and the exponents resulting from a fit are p = 3.0(2) and 
2.9(2) for Hq || c and H a _L c, resp., which are also explained as being due to a 2D Fleisenberg model [80U, 
81U] by using the experimental values V = 1.1 and r| = 0.20 [78U, 79U] for the calculation of p. In the 
range 0.02 < t< 0.1 however, the experimental data in Fig. 4.59 deviate considerably from the straight line 
to lower values which has been explained by an increased anisotropy near T N , i.e. the system comes 
closer to the 2D anisotropic Ising model. Also in this case, the angular dependence A// EPR (y/) has been 
determined at 64.1 K ( = t = 0.099) and successfully been fitted to Eq. 4.166a. The angular dependence of 
A// epr in K 3 Mn 2 F 7 , specifically the EPR for !//= 0° (H 0 || c), for y/ = 90° (H 0 _L c) and for !//= 55°, was 
studied over a wider temperature range from 64 K up to 96 K [81U]. The results revealed a change-over 
from the form of Eq. 4.166a to the different angular dependence ~ (3cos 2 !//- I) 2 , cf. Eq. 4.182 in Sect. 
4.2.8 below, which will be shown to be a manifestation of spin diffusion there. 

The final example of studying A7/ EPR are the experimental data for Rb 2 MnCl 4 which have been 
obtained by EPR at 35 GHz for H 0 \\c and H 0 A.c [83P] and at several frequences between 61.6 and 
152 GHz for H 0 \\c [88G3, 90G4]. The angular dependence AZ/ EPR (!//) shows for Rb 2 MnCl 4 a similar 
change-over from Eq. 4.166a to Eq. 4.182 [83P] as in K 3 Mn 2 F 7 . The critical broadening of A// EPR is 
presented as log-log plot in Fig. 4.60. The fit to a straight line results in p = 2.4(5) for the range 
0.15 < t < 0.5, in good agreement with K 2 MnF 4 and K 3 Mn 2 F 7 . As in the latter, the data deviate from this 
line to smaller values in the range 0.007 < t< 0.07, where a fit to Eq. 4.165 yields p = 0.22(26), with lower 
accuracy due to the small number of data points and due to the difficulties in measuring such large 
linewidths. But the data in Fig. 4.60 seem to indicate near 1 = 0.12 a crossover from 2D Heisenberg 
behaviour to a 2D Ising one. It should be noted that it is necessary for the millimeter-wave frequencies in 
Fig. 4.60 with relatively large fields H res at resonance to use T H (II) from the ( H 0 , T) phase diagram (Fig. 
3.18 in Sect. 3.1.6) instead of J N = 55 K for H 0 = 0. For v= 127 GHz and H res = 4.54 T as an example, 
T n (H) = 52.5 K was used for calculating t. For measurements at higher frequencies, e.g. v> 160 GHz, no 
critical broadening of A// EPR occurs. At these frequencies, H ies is so large that not the antiferromagnetic 
Ising-like phase is entered from the paramagnetic one but the XY-like spin-flop phase in a magnetic 
resonance experiment by decreasing the temperature. This is illustrated for Rb 2 MnCl 4 with four selected 
frequencies in Fig. 4.61. There, the dash-dot lines show the phase boundaries as determined with neutron 
scattering (cf. Fig. 3.18 in Sect. 3.1.6). The data in Fig. 4.61 are presented as magnetic field at resonance 
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H res versus T for various frequencies, and the bars at the data points indicate the observed linewidth 
A// EPR and are not error bars. The broken lines are guide to the eye. In the antiferromagnetic phase 
CHres < 5.5 T, T< 50 K), H ies can be expressed as 


= (2k/ f) | v- Vafmr (T,H 0z = 0) | (4.167) 

Here, v is the frequency of the millimeter wave source in the magnetic resonance experiment and /again 
the gyromagnetic ratio. The temperature-dependent AFMR frequency Vafmr for H 0z = 0 is given for T~ 0 
by Eq. 3.9 (Sect. 3.1.2). With increasing temperature, V AF mr decreases approximately as the sublattice 
magnetization (cf. Eq. 3.17 in Sect. 3.1.2). For frequencies V smaller than the zero-field AFMR frequency 
at T = 0, the decrease of V AFMR with increasing T leads to V AF mr = V and // rcs = 0 at a certain temperature 
and then H res rises again with further increase of T (see Fig. 4.61). The AFMR linewidth increases with T 
according to the 7 4 -law (Eq. 3.13 in Sect. 3.1.2). In the spin-flop phase ( H KS > 5.5 T, T< 50 K), H tes can 
be deduced from Eq. 3.51a ( Vafmr, out-of-pi.) in Sect. 3.1.6 as follows 

H m = [(2jc v/fr + 2 H E (H A +H A )] l/2 (4.168) 


where H E , H A and H A have the same meaning as in Eq. 3.51a. The decrease of // res in the spin-flop 
phase reflects the decrease of 2 H E (H A + H A ) with T mentioned above for V A fmr- Finally, all internal 
fields are zero in the paramagnetic phase and H res is simply proportional to the frequency V 

H ies = 2nv/y (4.169) 

For frequencies below 150 GHz, this constant If rcs is observed until the boundary to the antiferromagnetic 
phase is reached (see Fig. 4.61). A H EPR increases towards T N as already shown in Fig. 4.60. For 
frequencies above 150 GHz however, H ies shifts to higher values already before the boundary to the spin- 
flop phase is reached [88G3, 90G4] indicating the influence of an internal field while the system is still in 
the paramagnetic phase. Here, AH EPR remains finite in the transition and does not show a critical 
broadening and divergence at the phase boundary. It reaches merely a maximum near but not at this 
boundary (see Fig. 4.61). A theoretical explanation for this behaviour is not yet available. 


9.12.4.2.7 Critical EPR Linewidth due to Solitons or due to Magnons? 

Returning to the broadening of A// EPR in the transition from the paramagnetic to the antiferromagnetic 
phase, the question arises whether Eq. 4.165 with a critical exponent p is really an adequate description of 
this broadening. Waldner proposed an alternate way for this description [83W4, 86W, 92W]. He found 
empirically an Arrhenius law for the temperature dependence of A H EPR 

( A// E pr ~ A77 EP r) ~ exp (E s /k B T) (4.170) 

where A H EPR and A H EPR have been defined in Eq. 4.165. In the corresponding logarithmic plot 


In (A7 / epr -A// epr ) - (E s /k B T N ) ■ (7^/7) + const. (4.170a) 

Waldner [83W4] has obtained straight lines for a number of perovskite-type layer compounds: K 2 MnF 4 , 
Rb 2 MnF 4 , K 3 Mn 2 F 7 , (CH 3 NH 3 ) 2 MnCl 4 , (C 2 H 5 NH 3 ) 2 MnCl 4 and [NH 3 (CH 2 ) 2 NH 3 ]MnCl 4 . As an example, 
Fig. 4.62 shows Waldner’s plot for the experimental data of K 2 MnF 4 [72W2] for H 0 || c and H 0 _L c. The 
question is what is the theoretical basis for the Arrhenius law in Eq. 4.170. Waldner has considered the 
broadening as being due to the influence of nonlinear excitations, namely solitons. And he identified the 


Landolt-Bornstein 
New Series III/27J3 



418 


9.12.4 Critical Phenomena 


[Ref. p. 485 


quantity E s with the soliton excitation energy in analogy to quasi-one-dimensional magnets. For such 
magnetic systems, the influence of solitons on the magnetic properties has been observed experimentally 
as reviewed in several papers [81M4, 82J2, 83S5]. Also the theoretical description of solitons is well 
established [80M1, 81A, 81M4], and measurements of the Mossbauer linewidth in an Fe-compound 
[81T3] revealed a broadening ~ exp(E s /k B T) due to solitons in accordance with Mikeska’s theory 
[80M1]. Magnetic resonance experiments [84B2, 87B3] have confirmed theoretical predictions [81A] that 
the magnon linewidth contains soliton contributions which are proportional to the number n s ~ 
exp(-E s /k B T) of thermally excited solitons. 

Also in quasi-2D magnetic systems, including the 2D Fleisenberg model, there exist nonlinear 
topological excitations [86G1, 90G3], large meandering domain walls and smaller sized droplet solitons. 
They have a considerable effect on the thermodynamics and the magnetic phase transitions of these 
systems, as verified by a Monte Carlo simulation for the anisotropic 2D Fleisenberg model [94C]. 
Therefore, not only the spin waves contribute to the time-dependent spin correlation functions but also the 
nonlinear excitations or solitons which have been discussed for isotropic and anisotropic Fleisenberg 
models of 2D ferromagnets and antiferromagnets in a number of papers the details of which will not be 
discussed here [61S, 75B3, 79K9, 80T4, 81K10, 84V3, 8914, 90K1], All these soliton calculations 
employ the continuum approximation. For ferromagnets, it is relatively easy to obtain static solitons. But 
in anisotropic systems, a fourth order term due to Skyrme [6IS] has to be added to the Hamiltonian 
[89B2]. The problems to obtain mobile solitons in ferromagnets have been discussed by Zaspel [93Z]. For 
antiferromagnets, mobile solitons can be derived from static solutions by a Lorentz transformation since 
the Langrangian is Lorentz-invariant even for systems with easy-plane anisotropy [9412, 9511]. Let us 
return now to Waldner’s interpretation of the experimental data. He considered E s in Eq. 4.170 as a 
soliton energy and the experimental values for E s /k B T N agree quite well with E s = 4iip s where p s is the 
spin stiffness (cf. Eq. 4.43a) which is indeed the energy derived by Belavin and Polyakov [75B3] for a 
static 2D soliton in case of an isotropic Heisenberg model. Anisotropy will increase the soliton activation 
energy [86W] as follows 


E, = (4n + e) p s = (4n + e)2S 2 \J\ (4.171) 

where e is related to the anisotropy h A = H A /H E . For weakly anisotropic Mn-compounds, it can usually 
be neglected. We recall that the EPR linewidth in the fluctuation range is related to the temporal 
correlations and the dynamical critical behaviour. And the problems with this interpretation of the 
temperature dependence of A H EPR are: 

a) the energy E s = 4np s is that of a static 2D soliton, and it is hard to see how this can contribute to the 
time-dependent spin correlation function 

b) the Arrhenius behaviour resulting from Mikeska’s theory [80M1] is based on the motion of ID sine- 
Gordon solitons which is not appropriate for the 2D case. 

Thus we have to look for a better founded theoretical description of A/7 EPR . The influence of the solitons 
on A// EPR will result from an interaction of the solitons with the spin waves [92C1, 95P3]. And Zaspel 
and Drumheller [95Z1, 96Z1] have derived theoretically the dynamical correlation function and the EPR 
linewidth on the basis of a static soliton-magnon interaction. They have calculated not only the soliton- 
magnon contribution to A// EPR but also the magnon-magnon contribution. Their method of calculation 
applies the work of Kawasaki [68K] and of Huber [72H3]. In their result for the soliton contribution to 
the EPR linewidth, the leading term in the temperature dependence is 

A77 EP r iSO i ~ (^/ fl nn) 2 (4.172) 

where g is the temperature-dependent correlation length and « nrl the nearest neighbour distance. In Eq. 
4.172, all temperature-independent and weakly temperature-dependent factors have been omitted. The 
interested reader will find the complete expression for A// EPRsol in Eq. 5.5 of [96Z1]. The leading term in 
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the temperature dependence of the spin-wave or magnon contribution to the EPR linewidth is, on the 
other hand 


A^EPR,sw~ (|/ a nn) 3 (4.173) 

with the same notation and the same simplifications as in Eq. 4.172. The complete expression for 
A// 1J)R sw can be found in Eq. 6.3 of [96Z1]. The correlation length c, of a 2D antiferromagnet has been 
derived in a number of papers by various methods, by a modified spin-wave theory [89B1, 89T2, 92T2], 
by Schwinger boson mean-field theory [88A6], by a combination of hydrodynamics, scaling and 
renormalization-group [89C3, 89T3] and by Monte Carlo simulations [90D4], Most of this work is 
devoted to the properties of a S = -f quantum antiferromagnet on a square lattice like La 2 Cu0 4 which is 

closely related to the high- T c superconductors. The basic common result of all these different theoretical 
considerations is 


<=/ fl nn ~ exp (2 ji p s /k B T) (4.174) 

which has also been applied to the problem of calculating A// EPR for antiferromagnets with a more 
classical spin like Mn-compounds by Zaspel and Drumheller [96Z 1 ]. In Eq. 4.174, we have omitted 
constant or weakly temperature-dependent prefactors which are also different in some of the above 
mentioned papers. Inserting Eq. 4.174 into Eqs. 4.172 and 4.173, we obtain for both cases an Arrhenius- 
type behaviour 


Atf E PR,soi ~ exp (EJk B T) = exp (4 Kp s /k B T) (4.175a) 

for the soliton contribution and 

Aff EP R, S w ~ exp (' 6npJk B T ) (4.175b) 

for the magnon contribution. In Eqs. 4.174 and 4.175, the spin-stiffness p s is used with its spin-wave 
value 2 S 2 J\ (cf. Eq. 4.43a) without any renormalization due to the presence of nonlinear excitations (cf. 
Sect. 4.1.8). Finally, the total EPR linewidth is the sum of both contributions. But the comparison with the 
experimental results for various Mn-compounds has shown that the soliton contribution to the EPR 
linewidth is dominant in this case for the critical range in accordance with the empirical form Eq. 4.170 

AH epr -AH epr ~ A 7/epr,so1 ~ ex P (EJk B T) ~ (£/a nn ) 2 (4.176) 

and that the magnon contribution has a negligible effect on A H EPR . Thus, Waldner’s interpretation is 
confirmed on a better founded theoretical basis. The experimental values of E s derived from the slope of 
the logarithmic plot Eq. 4.170a are compared with the calculated values ii s = 87t5 2 |J| for various 
compounds in Table 6. The experimental and the calculated data for E s agree within 10% for all single¬ 
layer compounds listed in Table 6, except for the double-layer compound K 3 Mn 2 F 7 for which the theory 
presented here is not appropriate. When the single-layer Mn-compounds are doped with a small amount 
of nonmagnetic impurities, e.g. (C 3 H 7 NH 3 ) 2 Mn]_ x Cd x Cl 4 (0.001 <x<0.08) and (C 3 H 7 NH 3 ) 2 Mn 1 x Zn x Cl 4 
(0.001 < x < 0.01), the study of A7/ EPR shows also the expected Arrhenius law but reveals a drastic 
decrease of E s [93G, 96S1]. The results are depicted for Zn-doped samples in Fig. 4.63. For x = 0.0106, 
the experimental data yield E s = 375 K in comparison to E s = 727 K in pure (C 3 H 7 NH 3 ) 2 MnCl 4 . 
Susceptibility measurements on these samples show that such small amounts of impurities do not lead to 
a measurable decrease of J or T N . Therefore, it is probably the effect of the impurities on the solitons 
which causes the decrease of E s which is not accounted for in the theory of Zaspel and Drumheller 
[96Z1]. One limitation of it is the continuum approximation which breaks down in the core of a soliton. 
Thus a cut-off radius should be introduced inside of which the calculation is performed for the discrete 
lattice and outside in the continuum approximation [96Z2]. 
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Eq. 4.175b shows that also an Arrhenius law is expected if the magnon contribution is dominant for 
the EPR linewidth. This seems to be the case for Cu-compounds. Unfortunately, most of the perovskite- 
type layered Cu-compounds exhibit a strong ferromagnetic intralayer exchange interaction which governs 
the spin correlations above T c even if they are antiferromagnets due to the weaker interlayer coupling. 
Cu-compounds with antiferromagnetic intralayer coupling are La 2 Cu0 4 and related cuprates. But there, 
EPR experiments have not been successful [89M4]. Therefore, the only available example is the 
antiferromagnet Cu(HCOO) 2 • 4 H 2 0. Castner and Seehra [93C3] have reanalysed its EPR linewidth in 
the critical fluctuation range with respect to Eq. 4.170a. Their result is shown in Fig. 4.64 as experimental 

data 10 log(A// EPR -A// EPR ) versus T H IT compared to (<^/a nn ) 2 and (<^/a nn ) 3 (cf. Eqs. 4.172-4.175). 
Obviously, the experimental data in Fig. 4.64 fit excellently to 

A// epr - A H epr ~ A// EPR sw ~ (|/Ann) 3 (4.177) 

indicating that the spin-wave contribution is the dominating one for the EPR linewidth of this Cu- 
antiferromagnet. This finding agrees in principle with the theoretical result of Chakravarty and Orbach 
[90C1] who calculated the EPR linewidth for quasi-2D S= j antiferromagnets. Their result for A// EPR 

contains also the exponential exp(67tp s / k B T) as in Eq. 4.175b but, in addition, a prefactor (2np s / k B T) 5/2 
which causes a decrease of A// EPR in comparison to the exponential without prefactor. Such lower values 
of A// epr do not agree so well with the experimental data. The conclusion of this section is that the EPR 
linewidth of 2D antiferromagnets with nearly classical spins (Mn-compounds) is dominated by the soliton 
contribution while it could well be that the linewidth of 2D quantum antiferromagnets (Cu-compounds) is 
dominated by the magnon contribution. 


9.12.4.2.8 EPR Linewidth at High Temperatures - Spin Diffusion 

In this section, we will focus our attention to the EPR linewidth in the high temperature range 
i.5 r N < T< 300 K which is outside the range of the critical fluctuations. But it is advisable to include 
this range into our considerations on dynamical properties and temporal correlations because of the 
interesting properties of 2D magnetic systems at these temperatures. There is the exchange narrowing of 
the EPR linewidth due to the exchange interaction [53A, 54K, 71B2, 74R1, 75R3, 77S6, 78C3] which can 
be expressed as the linewidth in frequency space [5 3 A] 


Att) EPR ~co F /a> E (4.178) 

where tu F is the rms frequency of the dipolar contributions to the fluctuations and co E is the exchange 
frequency [90B1] 


oj e — ( J/h ) yl(8/3)zS(S + l) (4.178a) 

Another point of interest in 2D systems is the spin diffusion [63K2, 65B, 90B1]. For the isotropic 
Heisenberg model, the magnetization M = X 5) commutes with the Hamiltonian and is therefore a 
constant of motion. As an example, let us discuss the consequences for the two-spin correlation function 
G a ^(r, t), cf. Eq. 4.22 in Sect. 4.1.5. In the high-temperature limit and in hydrodynamic description, its 
long-time or low-frequency behaviour is governed by a diffusion equation [65B] 

3G a| V, t)/dt = DV 2 G a \r, t) (4.179) 
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with the spin diffusion constant D. In Eq. 4.179, t is the time, not to be confused with the reduced 
temperature t in another context. The solutions of Eq. 4.179 are 

GO, t) = (4nDty m exp[- rV(4 Dt)] (4.180) 

where d is the spatial dimension and where we have dropped the superscripts a and (3 (coordinate 
directions) in order to simplify our further discussion. The time dependence of G(r, t) is shown 
schematically in Fig. 4.65 on a time scale relative to 1 I (0 E (cf. Eq. 4.178a). The autocorrelation function 
0 = 0) has a maximum for (O E t = 0 and can well be approximated for short times (0 < 0 ) f t ~ 1 ) by a 
Gaussian exp(-ft) E t ). The cross correlation function (r ^ 0) vanishes at co E t = 0, i.e. there are no static 

cross correlations, and has a maximum for co E t ~ 1. For long times ( ( 0 E t> 1), the diffusive behaviour 
according to Eq. 4.180 is observed. In 3D systems, the long-time tail decays as r 3/2 which is fast enough 
to lead to a finite value of F(oo) at co= 0, where F( ft)) is the time Fourier transform of G(r, t). In 2D 
magnets, on the other hand, it decays slowlier as r 1 which causes a divergence of F(co) for ft) —> 0 as 
[90B1] 


F(oo) ~ In [(47tZ))/(ft) a 2 )] (4.181) 

where a is the lattice constant. And in ID magnets, the long-time decay of the correlations is with r 1/2 
even slower and leads also to a divergence of F( ft)) for ft) —> 0. In Monte Carlo simulations, these 
exponents (0.5 for ID, 1 for 2D) have been questioned [88M3], but they seem to be correct [89G8, 
89M3]. The result of recent theoretical treatments is, on the other hand, that the exponent for the isotropic 
Heisenberg model is not simply d/2 but 2d/(4 + d) [94L], see also [96L]. Moreover, the correlation 
function shows according to this theory not a simple decrease but an oscillatory behaviour. But up to now, 
no experimental verfication is available for this theory. Returning to Fig. 4.65, the range of diffusive 
behaviour is marked as shaded area. The divergence according to Eq. 4.181 will occur only in an ideal 
Heisenberg model for which Eqs. 4.179 and 4.180 have been derived. And in real systems, the divergence 
will be truncated because there are always perturbations of the Heisenberg model, namely a possibly 
weak anisotropy, at least the magnetic dipolar interactions, and a small interlayer interaction. At this 
point, we will not enter into further theoretical details of these phenomena but will look more for their 
effects on the experimental results of EPR linewidth studies. 

Several features in the experimental data are indications or evidence for diffusion in the four-spin 
correlation function responsible for the EPR linewidth: 

1) The angular dependence A// EPR (i//) will be dominated by the secular part of the dipolar interactions in 
the spin diffusion range and have the following form [73S2, 74R1, 79B9, 81F2, 90B1] 

A7/ epr (v/) = A77 a +A^ c (3 cos 2 i/r-l) 2 (4.182) 

where A// A and A Hq are constants. At the high temperatures under consideration ( T» T n ), this 
angular dependence of the A// FPR exhibits a minimum at the magic angle y/= 54.736° where the 
secular part of the dipolar interactions vanishes. Fig. 4.66 presents AH EPR (y/) of (C 2 H 5 NH 3 ) 2 MnCl 4 as 
an example of such an angular dependence. 

2) A more direct evidence of spin diffusion is the logarithmic dependence of the nonsecular resonances 
in 2D systems [79B9, 80L3]. This dependence can most easily be observed by studying the EPR 
linewidth at the magic angle where the secular part of the dipolar interactions vanishes and where the 
EPR lineshape is Lorentzian. In this geometry, the EPR linewidth is [90B1] 

AH e?r = const. - H epr /(D In CO) (4.183) 
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The results of such an investigation on (C 2 FlsN]-l 3 ) 2 MnCl 4 are reproduced in Fig. 4.67 where the 
experimental points have been collected from two independent measurements. All data fit nicely to 
the expected straight line. From its slope, the diffusion constant can be evaluated: 
Dla 2 = 13(2) K = 0.27(4) TFlz where a is the lattice constant. 

3) In ID and 2D magnetic systems, the diffusive behaviour of the four-spin correlation function is the 
origin of satellite lines in the EPR spectrum. Such satellites appear at 2ft), 3 ft) etc. on a frequency scale 
if the main line is at frequency ft). Since magnetic resonance is usually performed by sweeping the 
magnetic field at constant frequency of the micro- or millimeter wave source, the satellite lines are 
found at 0.5 H res when the main line is observed at H ies (half-field EPR [77N2, 77Y1, 78B7, 80B10, 
90B1]). As an example, the derivative EPR spectra of the satellite line and the main line are presented 
for (C 2 H 5 NH 3 ) 2 MnCl 4 in Fig. 4.68. 

4) A further direct evidence for spin diffusion can be obtained by an analysis of the lineshape of the main 
and of the satellite lines. Theory yields a logarithmic lineshape for both except for the main line at the 
magic angle which is simply a Lorentzian [78B7, 80B10, 90B1 ]. 

There are only few experimental investigations where all four criteria for spin diffusion have been studied 
in detail, see Table 6 where also the EPR linewidth data at high temperatures are listed although they are 
strictly not critical properties. But these data are strongly related to the fluctuations and correlations as we 
have seen in this and in the foregoing sections. In many studies, only criterion 1), i.e. the angular 
dependence of A// EPR , has been measured. And very often, an optimum fit to the experimental data was 
not possible with Eq. 4.182 and a better fit was obtained with the following form [72B6, 75B6, 83K8] 

A//e PR (\|/) = A H a + AH b cosV+ Atf c (3 cos 2 y/- l) 2 (4.184) 

which reflects a mixture of long-time diffusive contributions in the third term (cf. Eq. 4.182) and of short- 
time contributions with a different angular dependence in the second term. Finally, there are magnetic 
systems, mostly Cu-compounds, where the angular dependence of A H EPR consists only of short-time 
contributions. It is then analogous to Eqs. 4.166 or 4.166a which will here be written in the simpler form 

A/7 epr (i//) = A H a + A H b cos 2 )// (4.185) 

with the constants A H A and A H B . All these considerations about the angular dependence of A H EPR (Eqs. 
4.182, 4.184 and 4.185) presume implicitly that the symmetry of the magnetic compounds is high enough 
to show no angular dependence of A H EPR in the basal plane [A// EPR ^ /(/j) |. This is actually the case for 
most of the perovskite-type layer structures. Only for a few compounds, also an in-plane anisotropy of 
A// epr has been observed experimentally. These are rather complex structures like 
[COOH(CH 2 ) 2 NH 3 ] 2 CuX 4 with X = C1, Br [80W2, 81W2, 83W2], (C 6 H 5 NH 3 ) 2 CuC 1 4 [82W6] and 
[C 6 Fl 5 (CF[ 2 ) n NF[ 3 ] 2 CuBr 4 with n= 1,2 [92Z2]. Also the influence of the interlayer exchange J has been 
the subject of an EPR study on (C n Fl 2n+1 NFI 3 ) 2 CuCl 4 with n = 1, 2, 3 [81W6]. 

With respect to the temperature dependence of A7/ EPR in the high temperature range, we recall from 
Eq. 4.164 that this will be a linear function of temperature when the critical part has died away 

A^epr = ^ EPR + ^epr ' T (4.186) 

with the constants A EPR and i? EPR . This more empirical relation deduced from the experimental data in 
Fig. 4.57 needs a more profound theoretical basis. In accordance with the diffusive behaviour of the long¬ 
time fluctuations is the approach to explain the temperature dependence by phonon modulation of the 
symmetric exchange constant J in the Fleisenberg model. Such calculations were performed by Richards 
and Salamon [74R1] and Lagendijk [79L] for K 2 MnF 4 and by Zaspel and Drumheller [75Z, 77Z] for 
various Cu-compounds. An angular dependence of A/T EPR as in Eqs. 4.184 and 4.185 with a cos 2 )//term 
raises the question for the origin of the short-time contributions. Especially a dependence like Eq. 4.185 
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indicates that spin diffusion is negligible. That means there are interactions in the Hamiltonian which 
break the continuous symmetry of the Heisenberg model, namely anisotropic exchange (cf. Eq. 3.69 in 
Sect. 3.2.1 and Eq. 3.97 in Sect. 3.2.3) and antisymmetric exchange (cf. Eq. 3.52 in Sect. 3.1.7). Since 
mostly Cu-compounds show this behaviour, single-ion anisotropy is not of importance in this context. For 
explaining the EPR linewidth as resulting from phonon modulation of antisymmetric and anisotropic 
exchange, the symmetry of the crystal under consideration has to be sufficiently low that especially the 
requirements for antisymmetric exchange are met (cf. [77S6] and Sect. 3.1.7). Corresponding theoretical 
calculations yield for the contribution of antisymmetric exchange in Cu-compounds to S FPR in Eq. 4.186 
[68S3, 71C4, 81W5] 


^EPR, antisymmetric exchange ~ (Ag/g) 2 / 4 = |Z) DM | 2 / 2 (4.187a) 

where Eq. 3.52a in Sect. 3.1.7 has been used. A similar result has been obtained for the contribution of 
anisotropic exchange to B EPR [81W5] 

^EPR, anisotropic exchange ~ (Ag/g) 4 / (4.187b) 

A comparison of Eqs. 4.187a and 4.187b leads to the conclusion that the antisymmetric exchange is the 
dominant contribution to the temperature dependence of the EPR linewidth because of (Ag/g) 2 «l. 
Willett and Wong [81W5] have compiled experimental data of 7? EPR and J for a number of Cu- 
compounds, namely 6 chlorides and 3 bromides. A plot of the values ofi? EPR versus J shows that B EPR is 
nearly proportional to J 4 , i.e. anisotropic exchange seems to dominate. The much larger values for 7? EPR in 
bromides as compared to chlorides are not accounted for by Eqs. 4.187a and 4.187b. Willett and Wong 
[81W5] have proposed to take the spin-orbit coupling into account which is different for chlorine and 
bromine. They replace (Ag/g) by A c(r = 0.5 (A Cli + A x ) with X = C1 or Br and so obtain a satisfactory 
result of the ratio # E pr, bromide /^epr, chloride for [COOH(CH 2 ) 2 NH 3 ] 2 CuX 4 . But for [NH 3 (CH 2 ) 4 NH 3 ]CuX 4 , 
on the other hand, this approach predicts a ratio too large by a factor of 10 [83K8]. Moreover, the angular 
dependence AH EPR (y/) is different for [COOH(CH 2 ) 2 NH 3 |tCuCI 4 (spin diffusion, Eq. 4.184) and for 
[COOH(CH 2 ) 2 NH 3 ] 2 CuBr 4 (no spin diffusion, Eq. 4.185) [80W2, 81W2, 83W2], The conclusion from all 
these considerations is that there are a number of theoretical treatments for A// EPR which do not predict all 
experimental findings properly and that, in view of the limited character of the experimental data, it is 
often hard to decide which is the dominant contribution to the EPR linewidth [82K5]. 


9.12.4.2.9 EPR Linewidth in Mixed Crystals 

Also for mixed crystals or solid solutions, the EPR linewidth has been studied as a function of 
temperature and as a function of the polar angle y/ between //„ and the c-axis. Let us first look at the 

results for diluted systems A 2 M x M[_ x X 4 where M 2+ is a paramagnetic ion and M" + a diamagnetic one and 
which exhibit a long-range magnetic order for x > x p (percolation limit x p = 0.59) and no ordering for 
x < x p . Most experimental data are available for the EPR linewidth in compounds with M = Mn 2+ 

K 2 Mn x M gl _ x F 4 with 0.35 < x < 1.0 [77T5, 78Y2, 78Y3, 79T2, 80T5] 

K 2 Mn x Zn, _ X F 4 , K 2 Mn x Cdj_ x F 4 with x near x p [78Y2] 

Rb 2 Mn x M gl „ x F 4 with 0.3 < x < 1.0 [79W2] 

R^Mn^d^CU with 0.4 <x< 1.0 [82P1, 83P, 84E, 87G3, 89B4] 

but also some for M = Cu 2+ 

K 2 Cu x Z ni _ x F 4 with 0.1 <x< 1.0 [83Y1, 83Y2] 
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Also for these diluted systems, the EPR linewidth data are compiled in Table 6. At room temperature, i.e. 
far above the critical temperature for systems with x > x p , A H EPR shows the diffusive behaviour as 
discussed for pure crystals in the last section. The angular dependence A// EPR ( y/) follows closely Eq. 
4.182 where the term with (3 cos 2 !//-I) 2 yields a minimum at the magic angle !// = 54.7° which is 
enhanced for diluted systems with x< 1.0, e.g. K 2 Mn x Mg]_ x F 4 , Rb 2 Mn x Mg 1 _ x F 4 , Rb 2 Mn x Cdi_ x Cl 4 and 
K 2 Cu x Zn 1 _ x F 4 [77T5, 78Y3, 79W2, 82P1, 83P, 83Y1, 83Y2], For K 2 Cu x Zn,_ x F 4 [83Y2], the minimum of 
A H epr is most enhanced for x = 0.43 and disappears for x = 0.1 where the angular dependence follows Eq. 
4.185. On lowering the temperature, samples with a concentration x>x p show a change-over of the 
angular dependence AF/ EPR (!//) from Eq. 4.182 to Eq. 4.184 and finally to Eq. 4.185 [78Y3, 83P, 84E] in 
the region of the critical broadening of A H EPR when the temperature approaches the critical temperature. 
In Rb 2 Mn x Mg!_ x F 4 , the angular dependence for x near the percolation limit (x = 0.57, 0.70) is found to 
follow a cos 4 )// law rather than the cos 2 )// lawofEq. 4.185 [79W2] 

AH epr = AH' a + AH' b cos 4 1// (4.188) 

This behaviour seems to be characteristic for the EPR linewidth for x = x p regardless whether 
antiferromagnetic ordering occurs (x = 0.70, T N ~ 15 K) or not (x = 0.57 < x p ) and it is considered to 
originate from short-range antiferromagnetic correlations. At very low temperature (T= 1.6 K), samples 
with x = 0.54 and 0.57 near x p of the same system show a nine-line finestructure which is ascribed to the 
effect of isolated Mn 2+ clusters. For x well below the percolation concentration x p , the EPR stays in all 
diluted systems at H res = 2nv/y (cf. Eq. 4.169) down to low temperatures reflecting the absence of 
magnetic order. The angular dependence A// epr (i//) is observed according to Eq. 4.182 also at all 
temperatures [78Y3]. In K 2 Mn 043 Mg 0 .57^4’ a shift A// res of the magnetic field at resonance is observed 
that is dependent on the polar angle 1 //, and which vanishes at the magic angle !// = 54.7° [80T5]. This shift 
is explained by taking into account the dominancy of the q = 0 mode and the effect of the long-time tails 
of the spin correlation function (cf. spin diffusion in the last section). A further evidence for the diffusive 

behaviour of the EPR linewidth in diluted magnets is the observation of sidebands in K 2 Mn x Mj_ x F 4 
(M =Mg, Zn, Cd; x = x p ) at /7 res /2 (2v, half-field EPR) and H les / 3 (3v) [78Y2]. The lineshape should be 

Lorentzian for EPR at the magic angle i//= 54.7°. This is actually observed for small dilutions (x = 0.7, 
0.9) as well as for x = 1.0 in K 2 Vtn x Mg|_. x F 4 [77T5] while the results for x = 0.55 show a deviation from 
the Lorentzian lineshape. This is explained as a change of the correlations from 2D to ID character near 
x p . And for x = 0.35 in the same system, the lineshape deviates from Lorentzian towards Gaussian. It can 
be described as originating from a lD-system of broken chains with 30-50 Mn 2+ -ions [79T2]. 

The critical broadening of the EPR linewidth may be analyzed for diluted systems as for pure systems 
by fitting the experimental data to the power law Eq. 4.165, repeated here from Sect. 4.2.6 for the 
convenience of the reader 


A7/ epr - A// E pR + C EPR ■ t p 

with the exponent p or to the Arrhenius law Eq. 4.170 (Sect. 4.2.7), also repeated here 

(AF/ E pr-A// epr )~ exp (E s /k B T) 

with E s = 4np s resulting from the soliton contribution to the EPR linewidth, cf. Eq. 4.175a. Such an 
analysis was performed along both lines for Rb 2 \ln x Cd, X CI 4 with x = 0.62 - 1.0 in the configurations 
Hq || c and H 0 ±c [83P, 84E, 87G3, 89B4]. For all concentrations, the resulting values of p show a 
change-over from a smaller value for t < i CH to larger values for t > t CH . The latter are close to the 
expected universal value p = 2.5 (cf. Table 8) in many cases. However, the values for p are scattered over 
a relatively wide range and the uncertainties are large. Since the values for the change-over temperature 
t CH range from 0.1 to 0.85 [84E] with some tendency to increase with Cd-concentration, this change of p 
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is not a cross-over as discussed in Sect. 4.1.9 but probably impurity-induced. The analysis with respect to 
the Arrhenius law yields one straight line in the log-plot (cf. Eq. 4.170a) and thus one value for EJk B T N 
and for E s except for x = 0.70 where two lines are obtained with values close to each other (see Table 6). 
The values of £ s decrease drastically for H u || c from E s = 969 K (x = 1.0) to E s = 5.6 K (x = 0.62) and for 
HqLc from E s = 1094 K (x = 1.0) to T s = 3.6 K (x = 0.62). This behaviour is to be expected since a 
dilution diminishes the number of magnetic ions in the sample which probably diminishes the spin 
stiffness p s . However, the decrease of E s with decreasing x is larger than the corresponding decrease of T N 
(cf. Table 5) so that also the ratio E s /k B T N decreases with x. On the other hand, the spin stiffness p s is 
among the response functions which were calculated by Hams and Kirkpatrick [77H5]. Their constant A 
equals S 2 \ J\ = 0.5 p s and their Fig. 3 presents the results for A(x)/A( 1). After correcting these data for the 
dependence of J on a ( J~cT 12 , see Sect. 3.1.1 and [75J]), we may compare the calculated values 
E s = 4np s with the experimental data in Table 6 and find satisfactory agreement within the limits of 
experimental error. Typical values (x = 0.80) are E scxp = 250 K and 281 K for H () || c and H 0 J_ c, resp., in 
comparison to £ s ca ic = 366 K. 

Secondly, our attention will be focussed on magnetic mixtures, i.e. solid solutions A 2 M x Mj_ x X 4 where 

both, M 2+ and M 2+ ,are paramagnetic ions. For the discussion of the EPR results, especially the EPR 
linewidth obtained at temperatures above the critical temperature, in this context the competing 
interactions in these compounds and their magnetic ordering are not relevant as outlined in Sect. 3.3.5 and 
3.3.6. Experimental data are available for the following systems (cf. Table 6) 


K 2 Mn ] _ x Fe x F 4 (x = 0.001, 0.007, 0.015, 0.18) [83A2, 84V4] 
K 2 Mn]_ x CoF 4 (x = 0.008) [84V4] 

K 2 Mn Ex Ni x F 4 (x = 0.02, 0.10, 0.125) [84V4] 


(C 2 H 5 NH 3 ) 2 Mn l _ x Cu x Cl 4 (x = 0,0.03, 0.08, 0.30) [88T1] 


At room temperature (T = 293 K), the angular dependence of A H EPR (y/) of all these compounds is well 
described by Eq. 4.182 and thus reflects the diffusive behaviour already discussed for pure K 2 MnF 4 and 
for diluted Mn-compounds. One exception are the mixed crystals K 2 Mni_ x Co x F 4 where Eq. 4.184 with an 
additional cos 2 i// term yields a better fit to the experimental data [84V4]. Thus, the spin diffusion is only 
slightly affected by the impurities Fe 2+ , Co 2+ und Ni 2+ . However, the EPR lines are severely broadenend 
by Fe 2+ and Co 2+ and not so much by Ni 2+ . For Fe 2+ and Ni 2+ the linewidth for the magic angle y/= 54.7° 
at room temperature T = 293 K is naturally proportional to the impurity concentration x (see Fig. 4.69) 

A7/ E pr(x * 0, \ff= 54.7°) - A H EPR (x = 0, y/= 54.7°) = C broad • x (4.189) 

where the factor C broad is very different for Fe 2+ and Ni 2+ reflecting the strong broadening by Fe 2+ in 
contrast to Ni 2+ [84V4]. The data in Fig. 4.69 yield C broad = 97.3 T for Fe 2+ and C broad = 0.125 T for Ni 2+ . 
This broadening for Fe-doped samples is observed not only at 293 K but over the whole temperature 
range (60 K < T< 300 K) for both configurations, M n || c and H 0 _L c [83A2]. The extreme broadening of 
the EPR linewidth for relatively small impurity concentrations of Fe 2+ and Co 2+ was also found in the 

fluoride perovskite system RbMn,_ x M X F 3 with M = Fe, Co, Ni [72G2]. It is attributed to the dominance 
of the fast spin-lattice relaxation of Fe 2+ and Co 2+ in the damping of the spin fluctuations [75H4, 83A2, 
84V4]. The EPR linewidth of the system (C 2 H 5 NH 3 ) 2 Mn] _ x Cu x Cl 4 [88T1] shows a linear temperature 
dependence in the range 60 K < T< 300 K outlined and discussed in the last section for pure magnets (cf. 
Eq. 4.186: A H Em (T) =H epr + R epr ■ T). 
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The critical broadening of the EPR linewidth in magnetic mixtures at temperatures approaching the 
Neel temperature from above was also studied for the system K 2 Mn 1 _ x M x F 4 with M = Fe, Co, Ni [83A2, 
84V4]. The results were analyzed by means of the power law (Eq. 4.165). Except for 
K 2 Mn ] _ x Ni x F 4 with the smaller Ni- concentrations x = 0.02 and 0.10, the log-log plot yields for all 
samples two straight line regimes as discussed above for Rb 2 Mn x Cdi_ x Cl 4 separated by a change-over at 
the reduced temperature t cii which increases with impurity concentration, e.g. for K 2 Mn^ x Fe x F 4 from 
i CH = 0.2 for x = 0.001 to t CH = 0.8 for x = 0.015 (cf. Fig. 4.70), similar to the results in the diluted Mn 2+ - 
system. The resulting values of the exponent p are listed for all these samples and for both configurations, 
H a || c and H 0 J_ c, in Table 6. For t> t cli , they are generally close to the value found in pure K 2 MnF 4 and 
thus to the theorectically expected value 


p ~ p(x = 0) = 2.5 (4.190a) 

and smaller by about unity for the range closer to T N . i.e. for t < t CH 

p ~ p(x = 0) — 1 ~ 1.5 (4.190b) 

where the fit to the experimental data is extended mostly over the range 0.2 < t< 0.7 (sec Fig. 4.70) except 
for samples with ? CH = 0.2 where it was extended down to about t = 0.08. The values of p according to 
Eqs. 4.190a and 4.190b do not vary perceptibly with impurity concentration. The differences of p for 
H a || c and H {) J_ c are also within the limits of experimental error. In the range of critical broadening, the 
experimentally determined angular dependence of AH EPR is well described by Eq. 4.166a, repeated here 
for convenience 


A/FeprW = AH \ C 1 - °-5 sin 2 !//) + A H' 2 

as predicted theoretically for this range (cf. Sect. 4.2.6) or, equivalently, by Eqs. 4.166 and 4.185. For the 
evaluation of ?, the value of T N is needed for the doped samples which was determined for each sample by 
observing the temperature below which the EPR absorption disappears and, for some samples, by 
measuring the magnetic susceptibility % separately. The values in Table 6 show that T N increases for the 
samples doped with Ni 2+ and Co 2+ while it decreases for Fe-doped samples as compared to pure K 2 MnF 4 . 
The reduction of p in the range closer to T N means a reduction of the line broadening towards T N . This 
effect is more pronounced for Fe 2+ and Co 2+ impurities than for Ni 2+ ones. It is considered to be caused by 
the fast spin-lattice relaxation observed for the former two ions which is only weakly temperature- 
dependent and does therefore not contribute to the sharp increase of the linewidth near T s . 


Landolt-Bornstein 
New Series III/27J3 



Ref. p. 485] 


9.12.4.3 Figures for 9.12.4 and Table 6 


427 


9.12.4.3 Figures for 9.12.4 and Table 6 



95 100 105 no 

Temperature T [K] 

Fig. 4.1. K 2 C 0 F 4 . Specific heat C p as a function of 
temperature T in the vicinity of the magnetic phase 
transition, experimental points and solid curve 
representing a fit to Eq. 4.16 with a + = a - and D + = D~ 
(taken from [7511]). 
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Fig. 4.3. K 2 N 1 F 4 . Neutron scattering intensity / as a 

function of temperature T near the magnetic phase 
transition for the afm. Bragg peak gg = (f 0, 0) (top) and 
for the afm. Bragg rod Q 0 = (1, 0,0.25) (bottom), for the 
latter also the linewidth LW (full width at half-maximum), 
taken from [69B2, 70B3], 


For Fig. 4.2 see next page. 
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Temperature T [K] 


Fig. 4.2. K 2 M 11 F 4 . Linear magnetic birefringence (LMB), singular part of An near 
% An s (7) - An s (r N ) and d(An s )/dT versus temperature T (lower part), compared to 
the exact results for -([/magn- Uq)/R and Cmagn/R of the 2D Ising model (upper 
part), after [79 J, 84F1], 
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Fig. 4.4. K 3 Mn 2 F 7 . Reduced sub lattice magnetization A/ subl (7)/M sub i(0) 
versus reduced temperature t = T/ Tn~ 1 (log-log plot) as deduced from three 
magnetic Bragg reflections, yielding the critical exponent P = 0.154. For 
comparison, experimental data are shown for MnF 2 (3D afm.: P = 0.335), 
K 2 M 11 F 4 (single-layer 2D afm.: P = 0.150) and the exact result for the 2D 
Ising model (P = 0.125) which is identical with the experimental data for 
K 2 CoF 4 and Rb 2 CoF 4 (taken from [79U]). 



Fig. 4.5. K 2 NiF 4 . Staggered susceptibility x( c l = 0, T) 
= /f( 0 - 7) on a log-scale, longitudinal and transverse 
part, X\\ and resp., versus reduced temperature 77 r N . 
The experimental points are deduced from scans across 
a Bragg ridge {q = 0 means on top of the ridge). The 
solid and broken lines refer to the analysis of ^(0, 7) as 
explained in the text (taken from [77B2]). 
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Fig. 4.6. K 2 C 0 F 4 . Intensity 7 of critical neutron 

scattering, scans across the Bragg ridge with 
e 0 = (£ x , 0,0.45) for (a) T> T N and (b) T< J N , 
experimental points and curves calculated by means of 
a fit to a theoretical form for %(q, t) and a convolution 
with the resolution function. The broken horizontal line 
shows the background. For T> T N : fits to Eq. 4.28 
[Xoz (?> 0]; and for T < T N : fit to Eq. 4.31 [£ T f(< 7, 0> full 
line] and to 4.28 [Xoz* broken line] resp., taken from 
[84C 1]. 


For Fig. 4.7 see next page. 



5-10 6 7 8 910 2 2 3 4 5 6 7 8 910 ' 240 ' 

Red. temperature f = 7/7 N - 1 

Fig. 4.8. K 2 NiF 4 , RtbMiig 5 Ni 0 5 F 4 . log-log plot of 
X\\(0, t) ■ T ■ K? ~ t9 v+ as a function of 1 = 77 7^-1 
where /n(0, t) and K are the longitudinal susceptibility 
on top of the ridge (q = 0) and the inverse correlation 
length, respectively. The product of the critical 
exponents V + and p is determined from the slope of the 
solid lines averaging the experimental data. The broken 
line shows the exact result of the 2D Ising model with 
V±q = 0.25 (taken from [77B2]). 



Reduced wavevector £ z 


Fig. 4.9. Rb 2 Coo. 75 Mgo. 25 F 4 . Neutron scattering inten¬ 
sity 7, scans along the antiferromagnetic rod with 
2 = ( 1 , 0 , £ z ) where ^ z = 0 and -1 mean antiferro¬ 
magnetic superreflections from domain 1 and 2 , resp., 
A) rapid cooling from 80 K to 4.2 K in a few seconds 
and B) slow cooling from about 70 K to about 30 K in 
15 min (after [7912]). 
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Fig. 4.7. K 2 C 0 F 4 . log-log plot of the staggered susceptibility x(q = 0, t) (full 
circles) and the inverse correlation length K (open circles) for T> T N and 
T< T n as a function of the reduced temperature \t\ = \T/ r N -i|. Optimum 
fits of the experimental data to Eq. 4.29 0] yield the critical exponents 

Y + . V + , y~, V~ and T). The straight lines demonstrate single power-law 
behaviour (after [7411]). 



kJ/J 


Fig. 4.10. K 2 CuF 4 , (C n H 2 n+ 1 NH 3 ) 2 CuCl 4 with n = 1, 3, 
10. Experimental zero-field reduced susceptibilities 
XlXo (Xo = C/T, cf. Eq. 4.8) as a function of k B T / J in 
the 2D region of each compound. The curve £ H /Xo 
denotes the reduced susceptibility of the 2D Heisenberg 
model, extrapolated from the experimental data (taken 
from [76N2]). 
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Fig. 4.11. Rb 2 CuCl 4 , (CH 3 NH 3 ) 2 CuC1 4 , (C 2 H 5 NH 3 ) 2 CuC 1 4 . Magnetic 
contribution to the specific heat Cmagn (in units of R) as a function of k B T/ J, 
sharp spikes (singular part) at the critical temperature Tq and common broad 
maximum which is considered C ma gn of the 2D Heisenberg model and which 
is extended to lower and higher temperatures by spin-wave calculations (Eq. 
3.79(a) and high temperature series expansions (Eq. 4.39), after [77B3], 
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Fig. 4.12. Rb 2 CuCl 4 , (CH 3 NH 3 ) 2 CuC1 4 , (C 2 H 5 NH 3 ) 2 CuC 1 4 . 
Singular part of the magnetic specific heat C ma gn (in 
units of R) as a function of k B T/J. Even on the reduced 
temperature scale, the spikes appear at different 
positions since the critical temperature T c depends not 
only on J but also on J\ and ./'(after [77B3]). 


Landolt-Bornstein 
New Series III/27J3 




































Ref. p. 485] 


9.12.4.3 Figures for 9.12.4 and Table 6 


433 


2DXY-model: K 2 CuF 4 ,Rb 2 CrCI 4 
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Fig. 4.13. 2D XY-model: K 2 CUF 4 , RfbCrCL;. Two examples of spin orientations in vortices, (a) with vorticity 
Q = +1 and (b) with Q = -1 (after [90P]). 


For Fig. 4.14 see next page. 
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Fig. 4.15. K 2 CuF 4 . Temperature dependence of the 
magnon energy Jico q for wavevector q = (f x 0 ,0, 0). For 
0.04 < f x o < 0.5, the temperature renonnalization of 
ticOq is moderate while a drastic decrease of tiCQq is 
observed near Tq for 0<£ x o^0.03. The broken line 
marks the boundary beyond which the magnons are 
overdamped (damping D q > ft> q ), after [83H4, 90H], 
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2D XY-model: K ? CuF 4 , Rb.CrCL 



Fig. 4.14. 2D XY-model: K 2 Q 1 F 4 , Rb 2 CrCl 4 . Typical simulation (2000 Monte Carlo steps). The vortex pairs 
equilibrium spin configuration in the vortex-antivortex are enclosed by broken lines (taken from [78M3]). 
pair region k B T = 0.5(2S 2 J) obtained in a Monte Carlo 
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Temperature T [K] 

Fig. 4.16. K 2 CuF 4 . Correlation length <fj/a and its 
inverse k/ a* versus temperature T, obtained by quasi¬ 
elastic neutron scattering with Q 0 = (0, 0, 2 - £ z ) for 
various and by fitting the experimental data to Eq. 
4.29 [£f( < 7) ?)]■ The solid curve is calculated using Eq. 
4.43 (Kosterlitz-Thouless theory). The characteristic 
temperatures and Tq are indicated (after [82E15, 
82H6]). 



50 60 70 80 90 100 110 120 130 

Temperature T [K] 

Fig. 4.17. RtbCrCl^ Staggered susceptibility 
X{q = 0,T) as a function of temperature T in the 2D 
region (T>55K), obtained by quasi-elastic neutron 
scattering with Q 0 = (0, 0, 2 + f z ) and by fitting the 
experimental data to Eq. 4.28 [%oz (?> 7)] or Eq. 4.29 
tel?; 7)]. The curve is calculated using Eq. 4.44 
(Kosterlitz-Thouless theory), taken from [93 A]. 
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Fig. 4.18. K 2 CUF 4 . Temperature variation of the 
neutron scattering intensity / rot j of scans across the 
ferromagnetic rod with Q 0 = (0, 0, 2 - f z0 ) for various 
values of f z o- For the interpretation of these data, see 
text (after [82H5, 82H6]). 
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Fig. 4.19. K 2 Q 1 F 4 . Neutron scattering intensity / rod for 
scans across the ferromagnetic rod with Q 0 = (0, 0,2 - £ z0 ) 
as a function of £ z0 at T = 4.21 K, experimental points 
and curves calculated for the 2D XY-model (solid line) 
and for the 2D Heisenberg model (broken line), taken 
from [79H2], 


Fig. 4.20. K 2 CuF 4 . Reduced magnetization M(7)/M(0) 
versus reduced temperature 77T C , as determined by 
neutron diffraction (open circles) and by NMR (full 
line, after [73K2]). For comparison, the reduced 
sublattice magnetization M sub i(7)/M subl (0) versus T/T N 
is shown for K 2 M 11 F 4 and K 2 NiF 4 (taken from [73H3]). 



Red. temperature T/T a 


Fig. 4.21. K 2 Q 1 F 4 . Critical exponent a(7) (cf. Eqs. 4.62 
and 4.63) as a function of 777" KT , derived from the 
susceptibility % = dM/ dH, experimental points (open 
circles) and results of a Monte Carlo simulation (full 
circles). The broken line represents the spin-wave 
approximation, the full line is guide to the eye. Also 
indicated are the characteristic temperatures and T c 
(taken from [81H2]). 
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Fig. 4.22. RtbCrCLr Relative spin stiffness X eff = 
(25 2 7 e ff)/(A' B 7) (cf. Eq. 4.48) as a function of T/T^j- in 
the vicinity of Tkt = 43.3 K, determined by neutron 
inelastic scattering (full circles, after [81H4, 86H2]), by 
magnetization measurements (open circles, after 
[860]) and by neutron diffraction (dashed line, after 
[93A]). The horizontal line represents the universal 
value K efl = 2/jt at T= T* = 1.051 r KT . Further indi¬ 
cated is the theoretical slope at T* (taken from [94B1 ]). 



Red. temperature - f = (1 - T/T c ) 
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Fig. 4.23. RbjCrCl^ Inverse correlation length 
K"a = (^/a) _1 versus temperature, experimental data 
after [93A], The broken line marks the minimum value 
of Ka which is identified with the effective size L ef f _1 of 
the system in the finite-size 2D XY-model. The lower 
part of the figure illustrates the various critical regions 
and the characteristic temperatures as explained in the 
text (taken from [95B1]). 


Fig. 4.24. K 2 CuF 4 . Example of a 2D <-> 3D lattice 
dimensionality crossover in the critical behaviour of the 
magnetization M as obtained from neutron diffraction 
(after [73H3]), presented as log-log plot of the magnetic 
neutron diffraction intensity / magn ~ M 2 versus (-t). The 
values of the critical exponents [3 are close to those for 
the 3D and 2D XY-model, resp. (taken from [90J 1 ]). 
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Fig. 4.25. K 2 CUF 4 . Schematic ( T , //)-phase diagram 
illustrating the various critical regions and the crossover 
lines as explained in the text. Also indicated are the 
characteristic temperatures an d T c (after [82H5, 
82H6, 90H]). 



Fig. 4.27. (C n H 2 n+ 1 NH 3 ) 2 CuCl 4 (n=l, 10). Lattice 
dimensionality crossover in the critical behaviour of the 
susceptibility, presented as log-log plot %/Xo versus 
(1 - T c /T) (Xo = C/T (Eq. 4.8)). The open and closed 
experimental points refer to two independent 
measurements. The values of y are close to those of the 
3D and 2D Ising model (taken from [76J1, 78J]). 


For Fig. 4.26 see next page. 



kJ/J 


Fig. 4.28. 5 = 1/2 Ising model, theoretical calculation 
(J> 0, J'> 0 and/or J'< 0) of the 2D <-> 3D crossover in 
the susceptibility, plotted as reduced susceptibility 
4 x/X versus k B TI J. The heavy curve and the dashed 
vertical line represent 4 ^/x and k B T c /J, resp., for the 
2D Ising model. The light curves and the corresponding 
arrows show 4 x/X and k B T c /J for J'/J=+0.05, 
= +0.1, =+0.2 (curves 1-3), and J'tJ= -0.05, =-0.1, 
= -0.2 (curves 4-6), taken from [78N2], 
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(C n H 2n+1 NH 3 ) 2 CuCI 4 


W) 



a 0 r c ( 0) T c (j\) r A (/,) 



b Temperature T —»- 

Fig. 4.26. (C n H 2n+1 NH 3 ) 2 CuCl 4 . (a) Analysis and 
illustration of the crossover from the 2D to the 3D Ising 
model ( T c (j ') is the critical temperature and the slightly 
shaded area the X-over region), (b) x-over phenomena 


/ =/1 


y = 1.25 



Temperature log [T-T c []\ )] —► 


in the susceptibility, (x/Xo with Xo = C/T (Eq. 4.8)), 
and (c) critical exponent y in the 3D, X-over and 2D 
regions (taken from [72L1, 73L4]). Further details see 
text. 
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Fig. 4.29. (C n H 2n+ iNH 3 ) 2 CuCl 4 (n = 1, 2, 3). Magnetic 
susceptibility, presented as %/Xo versus k Q TIJ. The 
susceptibility for the compounds with n = 2, 3 deviate 
from that for n = 1 to lower values because of J'< 0, i.e. 
antiferromagnetic interlayer coupling (taken from 
[76J1, 78J]). 


For Fig. 4.31 see next page. 
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Fig. 4.32. Linear chain model, one-dimensional inverse 
correlation length K"i D fl nn versus [£ B 7]/ [25(5+ 1) | J|] 
for the ID Heisenberg model, the ID Ising model and a 
ID Heisenberg antiferromagnet with uniaxial aniso¬ 
tropy (H a /H e = 0.0073) where k"| d and k"(d are the 

inverse correlation lengths parallel and perpendicular to 
the anisotropy axis (taken from [80B 1 ]). 



Temperature T [K] 


Fig. 4.30. (CHjNHj^FeCf;. A-type anomaly of the specific heat C p near T C 1. 
the transition point between THT-phase and ORT-phase (experimental 
points). The full curve shows the noncritical background C p ,o of C p due to 
lattice vibrations (taken from [82G 1 ]). 
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Fig. 4.31. (Cl l;NI lf) 2 FeCI 4 . (a) Critical divergence of 
the elastic compliance S in the THT-phase above the 
critical temperature Tcu and (b) a log-log plot of the 
anomalous part AS 66 = See- T>66 versus reduced 
temperature t\=(T-T C \)I T C X where S^ is the part of 



0 5 10 15 20 25 30 
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Fig. 4.33. Rb 2 Mn x Mgi_ x F 4 with x = 0.54, 0.57, 0.60. 
Inverse correlation length Ka m versus temperature, 
experimental points from neutron scattering data and, 
for x = 0.54 and 0.57, solid lines that result from a fit to 
Eq. 4.110a derived within the percolation multicritical 
theory (taken from [80B 1 ]). 


the compliance not coupling to the phase transition (cf. 
Eqs. 4.78 and 4.86). The straight line represents the fit 
to Eq. 4.86 for the determination of the exponent p 
(taken from [82G1]). 
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Fig. 4.34. Rb 2 Mn x Mg|_ x F 4 , Rb 2 Co x Mg!_ x F 4 . Inverse 
geometrical correlation length Kq, i.e. the experi¬ 
mentally observed K for T —» 0, versus concentration x. 
The curve represents a fit to Eq. 4.107 (see also Eqs. 
4.110a and 4.110b). The error bars mark the 
uncertainties from the chemical analysis, taken from 
[80B1, 800] where further information about 

uncertainties in the concentrations is also found. 
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Fig. 4.35. Rb 2 Mn x Mg 1 ^ x F 4 with x = 0.54, 0.57, 0.60. 
Neutron scattering peak intensity I(q = 0) on top of the 
2D magnetic ridge versus temperature. The solid lines 
represent a fit to Eq. 4.111, i.e. I(q = 0) ~ with 

the experimentally measured values of K (taken from 
[80B1]). 


Fig. 4.36. Rb 2 Coo. 85 Mgo. 15 F 4 . LMB data &(An)l&T 
versus temperature in external magnetic fields H 0 as 
indicated, applied parallel to the c-axis. The points 
represent the differences between successive data points 
An, divided by the temperature interval AT, plotted at 
the average temperature (after [83F3]). 
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Fig. 4.37. RbjCoo ssMgg 15 F 4 . Scaling plot [d(A»)/d7’ 
+ FA* ln/i] versus t ■ )r 2, § in applied fields 
(0.1 T <Hq < 2.0 T) and for reduced temperatures 
(10 -3 < 1 1 1 < 10 -2 ). The data collapse for all H 0 on a 
single curve, the scaling function g(x) in Eq. 4.117b. 
For further details, see text (after [83F3]). 


Fig. 4.38. Rb 2 Coo 7 Mg 0 3 F 4 . Resolution-corrected 
inverse correlation length kI a* versus temperature T 
for 77 0 = 0 (open squares) and at various fields H 0 
(H 0 1| c), determined from neutron scattering data in 
field-cooling (FC) experiments. The solid lines are 
guide to the eye (taken from [83B4]). 



Temperature T [K] 


Fig. 4.39. Rb 2 Coo. 85 Mgo. 15 F 4 . Peak intensity 7(1, 0, 0) 
of the antiferromagnetic (1,0,0) Bragg reflection 
versus T at H 0 = 0, for zero-field cooling (ZFC) and for 
field cooling (FC) at 77 0 = 1.74, 4.38 and 6.50 T. The 
arrows indicate the direction in which the data were 
taken (taken from [85B3, 85B4]). 
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Fig. 4.40. Feo. 6 Z 1 io. 4 F 2 . LMB data d(A 7 ?)/dT versus 
temperature in external magnetic fields Hq as indicated, 
applied parallel to the oaxis. The points represent the 
differences between successive data points An, divided 
by the temperature interval AT, plotted at the average 
temperature. The horizontal groups of points in the data 
result from the finite resolution in An (~10“ 8 ), taken 
from [83B5], 
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Fig. 4.41. Rb 2 MnojMgojF^ Magnetic (H 0 , T) phase 
diagram with the boundary H S p(T) between spin-flop 
(SF) and paramagnetic (PM) phase and the metastability 
boundary T M (H 0 ), experimental points determined by 
neutron diffraction and calculated curves. Further is 
shown the line of reduction of LRO for increasing H 0 
with the broken line as guide to the eye. For further 
explanations, especially with respect to the theoretical 
curves, see text (after [91B2, 93C2]). 



Fig. 4.42. Rb 2 Coo. 2 i 8 Cuo. 7 8 2 F 4 . Magnetization M 
versus magnetic field H 0 , applied parallel to the c-axis, 
at various temperatures T, corrected for demagneti¬ 
zation effects. The solid lines represent fits to Eq. 4.124 
(taken from [88D8]). For further details see text. 
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Fig. 4.43. Rb 2 Coo. 2 i 8 Cuo. 782 F 4 - Static susceptibility 
% = M/H 0 versus temperature T for various external 
fields Hq, applied parallel to the c-axis and ranging 
from 0.1 mT to 1 T. The data were corrected for 
demagnetization effects. Solid lines are guides to the 
eye (after [88D10]). 



Temperature T [K] 


Fig. 4.44. Rb 2 Coo 2 i 8 Cu 0 . 782 F 4 . log-log plot of the 

nonlinear susceptibility coefficients <73 and a 5 versus 
temperature T, in the upper and lower part, respectively. 
The solid lines represent power law divergences 
towards T c = 0 according to Eq. 4.125 (taken from 
[88D10]). 
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Fig. 4.45. Rb 2 Coo 21 8C u o. 782^4- 
Temperature dependence of the 
imaginary part xlc of the linear 
ac susceptibility Xaa taken at 
various frequencies /= ft)/ 2jt 
ranging from 0.3 Hz to 50 kHz 
(after [88D11, 89D3]). Solid lines 
are guide to the eye. 
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Fig. 4.46. Rb 2 Co 0 . 218 Cu 0 . 782 F 4 . 

Activated dynamic scaling plot 
V ■ T~ q vs. -In (ojtq) ■ T'A 
for temperatures from 1 to 7 K and 
frequencies from 0.3 Hz to 50 kHz. 
Symbols correspond to the fre¬ 
quencies in Fig. 4.45 (after [88D8, 
88D9, 89D3]). 
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Rb 2 Cr 1 _ x Mn x CI 4 : 2DXYSG 
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Fig. 4.47. Rb 2 Cr!_ x Mn x Cl 4 , a 2D XY spin glass at 
intemiediate concentrations x. Classical ground state 
configuration of a set of four spins with ferromagnetic 
(solid lines) and antiferromagnetic (broken lines) 
exchange interactions, (a) nonfrustrated plaquette; (b) 
frustrated plaquette with chirality jc=+ 1; (c) frustrated 
plaquette with K= -1 (after [77V2, 88K8]). 
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Fig. 4.49. Rb 2 Cri_ x Mn x Cl 4 . ( T c , x) phase diagram 
mostly derived from neutron scattering studies: [84M1] 
(open circles), [86N3] (crosses), [88H4] (open 
triangles), [88K8] (full circles), [88S7, 88T2, 89S1, 
92S7] (plusses), but also from susceptibility 
measurements: [88K8] (full triangles). Broken lines 
indicate the approximate boundaries between the 
paramagnetic phase (PM) and the ranges with 
ferromagnetic (F) or antiferromagnetic (AF) ordering. 
Below 10 K, the system behaves as a reentrant spin 
glass (RSG), after [88K8], For x = 0 and x = 1, also the 
critical temperatures of pure Rb 2 CrCl 4 and Rb 2 MnCl 4 
(full squares), resp., are indicated. 


For Fig. 4.48 see next page. 
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Fig. 4.48. Rb 2 Cr 0 4 iMn 0 59 CI 4 . 
Ground state of an array of 
10 x 10 spins which are part of a 
greater array of 40 x 40 spins. The 
ground state was calculated by 
Ching and Huber [ 88 C 6 ] for this 
sample with spin-glass behaviour 
as described in their paper. 
Crosses denote the Cr- and solid 
circles the Mn-positions (taken 
from [88S9]). For further 
explanations see text. 



Fig. 4.50. (CH 3 NH 3 ) 2 Cu 0 . 9 2 Cdo.o 8 Cl 4 . Cole-Cole plot 
Xac(Oi T) versus Xac(<n T) (cf. Eq. 4.143) for various 
reduced temperatures t=T/T c - 1 ranging from 0.006 


to 0.090. The data points correspond to frequencies 
between 1.2 MHz and 173 MHz (taken from [8001]). 
For the interpretation of the data see text. 
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Fig. 4.51. Rt^Coo^isCuo.782^4- Temperature dependence of the real part x'ac 
of the linear ac susceptibility ^ ac , taken at various frequencies /=ft)/27t 
ranging from 0.3 Hz to 50 kHz (after [88D11, 89D3]). Solid lines are guide to 
the eye. 



Temperature T [K] 


Fig. 4.52. Rb 2 Co 0 2 i 8 Cuo 7 8 2 F 4 . Mean relaxation time 
T c versus temperature T, derived from the analysis of 
the experimental data by means of Eqs. 4.144a, 4.144b 
and 4.145 (Cole-Cole analysis). The solid line results 
from a fit of the data to Eq. 4.147 (taken from [88D1 1, 
89D3]). 


Landolt-Bornstein 
New Series III/27J3 
































450 


9.12.4.3 Figures for 9.12.4 and Table 6 


[Ref. p. 485 



Relaxation time r [s] 


Fig. 4.53. Rb 2 Co 0 2i8Cu 0 .782F4. 

Distribution of relaxation times 
g(T) versus iolog(f) with T in s, 
according to Eq. 4.148, for some 
selected temperatures. Note that 
g(t) is symmetric about T c on this 
logarithmic scale (after [88D11, 
89D3]). 
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Fig. 4.54. K 2 CuF 4 , Rb 2 CrCl 4 (2D easy-plane 
ferromagnets). Simulation of the scattering function S(q, CO) 
for the 2D XY-model by a Monte-Carlo molecular 
dynamiques technique for q = (0.25a*, 0.25a* 0) and for 
reduced temperatures T = (k B T)/(2S 2 J) = 0.50 (full 
line), 0.80 (broken line), 0.82 (dotted line) and 0.90 
(dash-dot line), S(q, CO) and Tift) in arbitrary units (taken 
from [86K3]). 


Fig. 4.55. Rb 2 CrCl 4 . Neutron inelastic scattering with 
polarization analysis, SF = spin-flip (open circles) and 
NSF = non-spin-flip (full circles) scattering observed at 
Q = ( 0,0,0.29) with H 0 = 0.2 T, taken from [88B2], 
Typical counting times are 21 min per point. The solid 
lines are optimum fits of contributions described in 
[88B2], 
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Red. temperature t=(T-T H )/T N 
4-10 2 6 78 910 1 2 3 4567891 2 3 45 



Temperature T [K] 


Fig. 4.56. K 2 M 11 F 4 . Critical behaviour of the NMR 
linewidth A// NMR for 19 F[ and 19 Fh resonances with 
Hq\\c (full triangles, full circles) and HqLc (open 
triangles, open circles). The solid lines represent a fit to 
Eq. 4.160 for describing the critical broadening of the 
19 Fj-NMR (after [90B1]). The experimental data are 
taken from [74B4], Note that the t-scale is a logarithmic 
one and therefore the scale of T = 7Vj(l + () a 
complicated nonlinear one. 


5.0 


4.5 


4.0 


I 35 

^ 3.0 
S 

OJ 

B 2.5 


2.0 


1.5 


TO 1 ---------- 

50 75 100 125 150 175 200 225 250 275 300 

Temperature T [K] 

Fig. 4.57. (CHjNHj^MnC^. EPR linewidth A H EPR versus temperature for 
y/= 0° (full circles) and y/= 55° (open circles) with the critical broadening 
towards = 45.3 K and a linear increase towards room temperature (taken 
from [72B6, 75B6]). 
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Fig. 4.58. K 2 M 11 F 4 . Temperature dependence of the 
EPR linewidth A// EPR at v=24 GHz for H 0 || a and 
H 0 || c with the critical broadening towards 7^. The 
insert shows A// epr (i//) at 50.6 K with a (3 cos 2 i//- 1) 
dependence (after [72W2]). 



Red. temperature t = (T- T H )/T H 


Fig. 4.59. K^MmFy. log-log plot of A// EPR - A// EPR 
(v = 25 GHz) versus reduced temperature t for H a [| c 
(open circles) and H 0 ±c (full circles). Straight lines 
represent fits to the power law Eq. 4.165. For further 
explanations see text (taken from [81U]). 



Red. temperature t = (T- T K )/T K 


Fig. 4.60. Rb 2 MnCl 4 . log-log plot of A// EPR - A// EPR 
versus reduced temperature t for Hq || c. The data were 
taken at various frequencies V from 61.6 to 152 GHz. 
Straight lines are fits to the power law Eq. 4.165 (after 
[88G3, 90G4]). 
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Fig. 4.61. RtHMnCl/i. Magnetic resonance at some 
frequencies from 61 to 177 GHz in the antiferro¬ 
magnetic, the spin-flop and the paramagnetic regime. 
The data are presented as magnetic field at resonance 


H res versus temperature T. The bars denote the reso¬ 
nance linewidth and not errors. Dash-dot lines mark the 
phase boundaries and CP the critical point (after [88G3, 
90G4]). 
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Fig. 4.62. K 2 M 11 F 4 . Analysis of A7/ E p R with respect to 
soliton contributions (cf. Eq. 4.170), presented as 

lolog(A7/ EPR - A// E pr ) versus T N /T (7' N = 42.1 K) for 
H 0 [| c (full circles) and H 0 ±c (open circles). The slope 
of the straight line corresponds to E s /k B T N (after 
[83W4]). The experimental data are taken from [72W2], 
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0.65 0.70 0.75 0.80 0.85 

Inv. red. temperature T N /T 



0.50 0.53 0.56 0.59 0.62 0.65 0.68 

Inv.red. temperature T H /T 


Fig. 4.63. (C 3 H 7 NH 3 ) 2 Mn 1 _ x Zn x Cl 4 with x = 0, 
0.0044, 0.0106. Straight-line fits to the experimental 

data 10 log(A// EPR -A// EPR ) versus T^/T for deter¬ 
mining the soliton excitation energy E s (cf. Eqs. 4.170), 
taken from [96S1]. 


Fig. 4.64. Cu(HCOO) 2 ■ 4H 2 0. 10 log(A// EPR - A// EPR ) 
versus T N / T, experimental data for H 0 || b (full circles) 
and theoretical calculations [95Z1, 96Z1] according to 
Eq. 4.172, soliton contribution A7/ EPR ~ (t;/a nn ) 2 , and 
to Eq. 4.173, spin-wave contribution A77 EPR ~ (£/a nn ) 3 . 
The calculated data were arbitrarily normalized to 
0.2 mT at T^/T= 0.50 (taken from [93C3]). 



0 1 



b 


Fig. 4.65. (a) 3D magnets and (b) low-D magnets, two- r ^ 0. The shaded parts correspond to the long-time part 
spin correlation function G{r, t) versus CO E t, time t and with diffusive behaviour (taken from [90B 1 ]). 
exchange frequency ft) E (Eq. 4.178a), for r = 0 and 
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Fig. 4.66. (C 2 H 5 NH 3 ) 2 MnCl 4 . EPR linewidth A H EPR 
versus polar angle y/ between H 0 and the oaxis for 
different frequencies. The solid curves represent theo¬ 
retical calculations with a dominating (3 cos 2 !//'-I) 2 
dependence (after [79B9, 90B1]). 



1 2 46810 2 46810 2 

Frequency (dI2k [GHz] 


Fig. 4.67. (C 2 H 5 NH 3 ) 2 MnCl 4 . Dependence on jolog V 
(EPR-frequency v) of A// E pp at the "magic angle" 
y/= 54.7° and 300 K. The straight line as a fit to the 
experimental data allows the determination of the 
diffusion constant D (cf. Eq. 4.183, after [90B1], 
experimental data taken from [79B9] (full circles) and 
from [80L3] (full triangles). 



Magnetic field H 0 [T] 

Fig. 4.68. (CiEfsNEPdiMnCLt. Derivative EPR spectra, weaker satellite line (//o“ 0 -17T, half-field EPR), 

i.e. signal versus magnetic field H 0 for y/= 50° and taken from [90B1], 

h -LHq, consisting of main line (H 0 ~ 0.34 T) and much 
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0 0.005 0.010 0.015 0.020 

Concentration x 


Fig. 4.69. K 2 Mni_ x M x F 4 (M = Fe, Ni). Concentration 
dependence of the EPR linewidth, i.e. A// EPR (x) - 
A// E p R (0) at y/= 54.7° and T=293K versus concen- 



0 0.05 0.10 0.15 0.20 

Concentration x 


tration x, for M = Fe and for M = Ni. The straight lines 
correspond to Eq. 4.189. Note the different x-scales for 
Fe and Ni (taken from [84V4]). 


Fig. 4.70. K 2 Mn 1 _ x Fe x F 4 with x = 0.001, 0.007, 0.015. 
log-log plot of A// EPR - A// epr (v = 24 GElz) versus 
reduced temperature t for H a || c (||) and H 0 ±c (_L), 


showing the different slopes for t < t CH and t > t E H ( see 
Eqs. 4.190a and 4.189b), taken from [84V4], 
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Table 6. Data about Critical Behaviour 

Compound Critical exponents, critical amplitudes etc. 

I. Magnetic Phase Transitions 


a) Fluorides 


K 2 MnF 4 

1 ) el. + quasi-el. n-scatt 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
afm. Bragg refl. (1, 0, 0): I(T) ~ M^T) 

(3 = 0.15(1), B 0 = 1.00(3) [6 ■ 10- 4 < 1 1 1 < 0.3] 
afm. Bragg rod (1, 0, 0.4): [0.008 < t < 0.15] ^ y = 1.65(15) 
v = 0.9(1), r\ = 0.20(5), la * = 0.106, kZ/ a* = 0.024 

2) LMB 

broad max. at T > 7^ and sharp spike at T ^ = 42.17 K; 
singular part: A?i s (T) - A n s (r N ) - Cmagn - Uq. A + /A~ = 0.98(4) 
and d(A« s )/dr~ Cmagn (symm. log. singularity at 7 N ) 

3) Cmagn 

symm. log. sing, at 7 N [0.001 < 1 1 \ < 0.02] 

a) a + = a- = 0.011, A + = 0.030, A~ = 0.029 

b) A + = 0.032, A~ = 0.030; ^theory = 0.077 

4) NMR LW 

T> r N : 19 F[-NMR, A H nmr [0.03 < t < 0.5] 

A// nmr —> w = 1.5 for Hq || c and H 0 _L c 

5) EPR LW 

T> T n : AC epr (D [0.1 <t <0.9], A H EPR (y/) at 50.6 K 

H 0 || c: p = 2.5(2), AC“ pR = 11(1) mT, C EPR = 2.1(4) mT 

Hq ± c: p = 2.4(2), AC EpR = 9(1) mT, C EPR = 1.4(3) mT 

alternatively: exam, of soliton contribution to EPR LW 
exp.: E s = 620(60) K, calc.: E s = 682 K (/= -4.34 K) 

h.t.: A7 / epr ( 7) [100 K < J< 300 K] and 

AC EPR (l/r) at 77 K and 300 K 
satellite line at 2v (half-field EPR) 


References, remarks 


[73B1] (J N = 42.14 K), see also [721, 731, 7411] 

. (3, B 0 : Eq. 4.20 

' [76A3, 77B2, 77S1] (T N = 42.17 K), see also [731, 7411] 

. 1 y, V, T|, k£,kZ: Eqs. 4.26, 4.28,4.32, 4.32a, 4.33, 4.35 

73 J, 79J, 84F1] 

exp. data An s (T) - An s (T^) and d(A« s )/dr fit well to 2D Ising 
(Cmagn — C E ) (Eq. 4.4a) and Cmagn (Eq. 4.6) 

C p by ac cal. [80H4] (J N = 42.48 K), see also [73S3] 

exp. data fitted: a) to Eq. 4.16 with a + = a - , and b) to Eq. 4.17, 
both fits with D + = D~; c) ^theory: Eq. 4.19 

■ [74B4, 90B1], (7 n = 41.5 K); AC nmr ( 7): Eq. 4.160 

EPR at 24 GHz [72W2], see also [71Y1, 77N4] 

' fit of exp. AH EPR (T) to Eq. 4.165 (T N = 42.1 K); 

AH epr( tyO in accordance with Eq. 4.166 

[83W4, 96Z1 ]: reanalysis of the exp. data of [72W2] with respect to 
Eq. 4.170a; calc. E s : Eq. 4.176 

EPR [73S2, 74R1]; A// E p R (7) approx, in accordance with Eq. 

. 4.186; A7/ E p R (l//) in accordance with Eq. 4.182 

[77N2, 77Y1], evidence for spin diffusion 
























Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

K 3 MII 2 F 7 

1 ) el. + quasi-el. n-scatt. 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.4) 
several afm. Bragg reflections: I{T) ~M 2 ^(T) 

P = 0.154(6) [10“ 3 < | r | < 10- 1 ] 
afm. Bragg rod (1,0, 1.46): [1.7 - 10“ 2 <t<0.35] 
y= 1.9(3), V = 1.1(2), r| = 0.20(5) 

2) EPR LW 

T> T n : A// epr (7) [0.1 <t <0.35], A77 EPR (y/) at 64.1 K 

H„ || c: p = 3.0(2), A// epr = 10.2(5) mT, C EPR = 0.10(3) mT 

Hq ± c: p = 2.9(2), A//“ PR = 9.9(5) mT, C EPR = 0.06(4) mT 

alternatively: exam, of soliton contribution to EPR LW 
exp.: E s = 1550(100) K, calc.: no theory forFg available 

h.t.: A7 / epr (i//) for [64 K < T< 96 K] 

Rb 2 MnF 4 

1 ) el. + quasi-el. n-scatt. 

Antiferromagnet, M subl || c (magn. order see Fig. 2.3) 
several afm. Bragg reflections [0.002 < 1 1 \ < 0.1]: 

K 2 NiF 4 -type ordering: (1, 0, 0), (1, 0, 2) etc. —> P = 0.18(1) 
Ca 2 MnC> 4 -type ordering: (1, O, 2 -), (1, 0,-|) etc. —> P = 0.18(1) 

2) EPR LW 

T>T n :AH epr (T) [0.1 <t<0.9] 

H 0 || c: A^“ pR = 11(1) mT, C EPR = 2.1(4) mT, p = 2.5(2) 

Hq 1 c: A^“ pR = 9(1) mT, C EPR = 1.4(3) mT, p = 2.4(2) 

alternatively: exam, of soliton contribution to EPR LW 
exp.: E s = 650(60) K, calc.: E s = 598 K (/= -3.81 K) 

K 2 FeF 4 

1 ) el. + quasi-el. n-scatt 

Antiferromagnet, M sub | ± c (magn. order see Fig. 2.6) 
afm. Bragg reflections (1, 0, 0), (1, 0, 3): KT)~M 2 sm (T) 

P = 0.15(1) [0.01 < 1 1 1 < 0.25], J N = 63.0(3) K 
afm. Bragg rod (1, 0, 0.3): y + = 1.5(5), V + = 0.9(2) 

2) LMB 

d(A«)/dr~ C ma g n : broad max. at T> J N and symm. 
log. sing, at = 63.0(3) K 


References, remarks 


• [78U, 79U] (r N = 58.3(2) K); (3: Eq. 4.20 

' J [78U, 79U], (r N = 58.3(2) K); y, v: Eq. 4.26, 4.29, 4.32, 4.32a; 

. 1 T|: v(2 - r|) = y(cf. Eq. 4.13) 

EPR at 25 GHz [80U, 81U] 

fit of A// epr (D to Eq. 4.165 (J N = 58.3 K); 

AHepr(V / ) ' n accordance with Eq. 4.166a 

[83W4, 96Z1 ]: reanalysis of the exp. data of [80U, 81U] with respect 
to Eq. 4.170a 

[81U]; A7/ EPR (y/): Eq. 4.166a (64 K), Eq. 4.182 (95K) 


[70B1] 

(r N = 38.37 K) 
(J N = 38.41 K) 


(3: Eq. 4.20 


EPR at 24 GHz [72W2] 

fit of exp. A// epr ( 7) to Eq. 4.165 (J N = 38.4 K); 
no measurement of A7/ EPR (l//) 


[83W4, 96Z1 ]: reanalysis of the exp. data of [72W2] with respect 
to Eq. 4.170a; calc. E s : Eq. 4.176 


■ [82T1], see also Mossbauer study [78T2]; p: Eq. 4.20 

[82T1] (r N = 63.0 K); y, v: Eqs. 4.26, 4.28, 4.32, 4.32a 
• [81K4] 





















Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

K 2 CoF 4 

1) LMB 

2 ) el. + quasi-el. n-scatt. 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
d(An)/dr~ Cmagn: symm. log. sing, at = 107.42(2) K 
afm. Bragg reflections (1, 0, 0), (3, 0, 0): I(T) (T) 

-> P = 0.123(8) [8 ■ 10~ 3 < | r | < 0 . 1 ] 

M sub i ~ [1 - sinh" 4 (7||/A: B 7 )] 1/8 for [0.002 < t < 1] 

afm. Bragg rod (1, 0, -0.24): [-0.002 < t < -0.01, 0.01 <t< 0.1] 

y + = 1.71(4), y= 1.66(9), v + = 0.97(5), V“ = 0.94(8), T| = 0.2(1) 

3) Cmagn 

afm. Bragg rod (1,0, 0.45), V + = V - = 1.00 fixed: 

k-q / a * = 0.40(2), k~ la* = 0.74(8), k~ / *:+ = 1.85(22), 

and y + = y~= 1.75 fixed: Cj / Co = 32.6(37) 

R s = 0.0565(75) 

symm. log. sing, at T N [0.001 < 1 1 \ < 0.02] 

a) a + = a- = -0.003(39), A + = 0.411, A~ = 0.401 

b) a + = 0.021(47), a~ = -0.024(56), A + /A~ = 0.84(19) 

c) A + = 0.384, A~ = 0.417; d) ^theory = 0.346 

Rb 2 CoF 4 

1 ) el. + quasi-el. n-scatt. 

Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
afm. Bragg reflections (1, 0, 0), (1, 0, 1), (1, 0, 3): I 

P = 0.119(8), B 0 = 1.16(3) [0.003 <|t| <0.3] 

M sub i - [1 - sinh -4 (7||/^ B 7 )] 1/8 for [ 0.002 <t< 1 ] 
afm. Bragg rod (1, 0, -0.53): [0.01 < t < 0.3] 

y= 1.67(9), v = 0.99(4), r| = 0.2(1), k+ la* = 0.263 

2 ) n-scatt, diff. cooling pr. 

T < r N : study of afm. Bragg reflections (1, 0, 1), (1, 0, 2) 

T> r N : study of afm. Bragg rod(l, 0, 1.5) 

exp. value R s = 0.043(2) [0.005 < 1 1 \ < 0.045] 

K/a* ~ {In [coth (J^/2k B T)] -J\\lk^T) [0.004 < t < 0.09] 

scans along afm. Bragg rod (1,0, Q [-1 < 0]: 

—> %/c = 3.6 at 77.5 K after rapid cooling through 7 N 
—> E,!c = 10.3 at 77.5 K after annealing at T N 


References, remarks 


[7712, 7811,8012, 80N1] 

' [7411, 7412] (r N = 107.85 K), see also [74S1, 74S3, 77S1]; 

j p:Eq. 4.20 

M su bi ; Eqs. 3.66 and 4.1 (2D Ising model) 

' J [7411, 7412] (r N = 107.85 K), see also [77S1] 

. Y + , T> v+ > v “ R Eqs. 4.26, 4.29, 4.32, 4.32a 

' [840]; t > 0: fit to Eq. 4.28 (r N = 107.47(2) K); 

.. t < 0: fit to Eq. 4.31 (r N = 107.70(3) K) 

Kq , Kq , Cq , Cq : Eqs. 4.8—4.11, 4.32, 4.32a 
test of 2-scale-factor universality: Eq. 4.15 

C p by ac cal. [7511, 7612, 80H4] (F N = 107.71(3) K) 

exp. data fitted a) to Eq. 4.16 with a + = or, b) to Eq. 4.16 with 
■ a + -t aand c) to Eq. 4.17; all three fits with D + = D~; 
d) Atheory: Eq. 4.19 


[73S4, 74S1, 74S3] (J N = 103.025(10) K) 

. p: Eq. 4.20 

M su bi ; Eqs. 3.66 and 4.1 (2D Ising model) 

' [74S1, 7911] (J N = 102.06 K), see also [73S4, 74S3] 

y, v, T|, Kq I a* : Eqs. 4.26, 4.29, 4.32, 4.32a 

■ [83H2, 84Hl](r N = 102.6(1) K) 

test of 2-scale-factor universality: Eqs. 4.15, 4.36, 4.37 
k/ a* ~ Ka nn : Eq. 4.10 (2D Ising model) 

7813] (J N = 102.15 K), see also [73S4, 74S1 ] 

3D ordering depends on cooling rate! 

K= <f; _1 from width || (0, 0, 1) of (1, 0, 0) afm. Bragg refl. 























Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

Rb 2 CoF 4 (cont.) 

3) NMR LW 

T> r N , Hq || c: 19 F[-NMR —» w = 1.52(3) 

87 Rb-NMRw = 1.40(5) [0.02 <t< 0.3] 

4) LMB 

d{An)ldT ~ Cmagnt symm. log. sing, at J N = 100.97 K 

a) [5 ■ 10 -4 < 111 < 0.05]: a = -0.002(13), A + /A~ = 1.010(8) 

b) [5 ■ 10 -4 < | f | < 0.1]: a = -0.003(10), A + /A~ = 1.020(7) 

5) Cmagn 

symm. log. sing, at 7 N [0.001 < 1 1 \ < 0.02] 

a) oc + = 0.027(71) a - = 0.004(87), A + /A~ = 0.97(7) 

b) a + = a" = 0.016(51), A + /A~ = 1.05(9), D + /D~ = 1.00(3) 

6 ) diffuse n-scatt. 

study of afm. Bragg rods (1,0, 0.1), (1, 0, 0.3), (1, 0, 2.3) 

Fj|(0, k) = 0.325(13) • t L69(2) = 1.84(27) ■ r L71(7 ' [0.03 < t < 0.4] 
J||( 9 , 0) = 3.6(12) ■ q L61 W [t = 0.0000(3)] z av = 1.69(5) 

7) ultrason. study 

ultrason. attenuation: a soun( j for/= 10-250 MHz 

T> 7fj; a sound (t) —> z = 1.21(10) 

K 2 NiF 4 

1 ) el. + quasi-el. n-scatt. 

Antifen'omagnet, M sub | || c (rnagn. order see Fig. 2.2) 
afm. Bragg refl. (1, 0, 0): I(T)~M; m (T) 

P = 0.138(4), B 0 = 1.00(3) [3 • 10“ 4 < 1 1\ < 0.2] 
afm. Bragg rod(l, 0, 0.4): [0.008 < t < 0.15] ~^y= 1.65(15), 
v = 0.9(1), T) = 0.20(5), Kq / a* = 0.056, Kj_/ a*= 0.017 

comp, of exp. data for %/a and for struct, factor S(q = 0) 
to the theory for the 2D .S’ = y Heisenberg afm. 

2) LMB 

d(An)/dT ~ C magn : broad max. at T> r N and symm. 
log. sing, at = 98.3(1) K 

3) Cmagn 

symm. log. sing, at T N [0.001 < 1 1 \ <0.01] 

a) a + = a~ = 0.005, A + = 0.029, A~ = 0.030 

b) A + = 0.030, A~ = 0.031; c) theory = 0.0345 

4) NMR LW 

T> T n , H 0 || c: 19 F r NMR, A^ NMR w = 0.54 [0.003 < t < 0.7] 


References, remarks 


I [72B3] (J N = 99.8 K) 

. Aff NMR (7): Eq. 4.160 
[83N2] 

exp. data fitted to Eq. 4.18 with D + = D~, fixed for the two ranges 
of t\ data sets a) and b) 

C p by ac cal. [7612] (J N = 102.5(1) K), see also [78S4] 

exp. data fitted a) to Eq. 4.16 with a + or, D + = D~, and b) to 
Eq. 4.16 with a + = or, D + D~ 

82H4] (T n = 102.96(1) K) 

r\(q, K) = characteristic frequency (TElz) of the critical longitudinal 
spin fluctuations, cf. Eqs. 4.133—4.135 

[80S1] (T N = 103.20(2) K) 

details of derivation of z from a sound see [80S1] 


[70B3] (J N = 97.23 K), see also [69B2, 70B1J 
. (3, B 0 : Eq. 4.20 

' [76A3, 77B2] (J N = 97.23), s. also [69B2, 71B1, 7411] 

y, V, r|, (Cg, tcj : Eqs. 4.26,4.28, 4.32, 4.32a, 4.33, 4.35 

[90B3], using exp. data of [7 IB 1 ]; 

. for details of the theory see [88C4, 89C3] 

■ [74K2, 7712, 7811] 

C p by ac cal. [80H4] (J N = 99.05 K), see also [71S2, 73S3] 

exp. data fitted a) to Eq. 4.16 with a + = or, and b) to Eq. 4.17 both 
fits with D + = D~; c) ^theory: Eq. 4.19 

[69M3] (J N = 100.5 K); [74B6]: w > 0.54; AH NMR (T): Eq. 4.160 

























Table 6. Data about Critical Behaviour (continued) 


Compound 

Rb 2 NiF 4 

1) LMB 

2) Cmagn 

K 2 CuF 4 

1 ) meas. X 


2) meas. M 

3) Cmagn 


Critical exponents, critical amplitudes etc. 


Antiferromagnet, M subl || c (magn. order see Fig. 2.2) 

d(An)/dT ~ Cmagn: broad max. at T> 7 N and symm. 
log. sing, at F N = 94.5(2) K 

symm. log. sing, at T N [7 ■ 10 -4 < 1 1 \ < 0.02] 

a) oc + = or = 0.001, A + = 0.079, A~ = 0.072 

b) A + = 0.081 ,A~ = 0.073; c) ^theory = 0.072 

Ferromagnet, Ml c (magn. order see Fig. 3.27) 

T > T C■ X\(T) m II «) an d Xli. 7 ) ( H 0 II c), T C = 6.28 K 
anal, of^: [10“ 4 <t<2 ■ 10“ 3 ] -» y= 1.00(5) 

[2 ■ 10 -3 <t< 0 . 8 ] -> 1.0 <y< 2.0 
5.5 K < T< 9 K: X lc (H 0 , T) (77 0 || a) [3 mT <H 0 < 90 mT] 

P = 0.22(5), y = 0.99(5), A = p + y = 1.21(5) 

4.2 K < T< 7 K: / ac (©) [1 MHz </< 200 MHz], T c = 6.25 K 
[5 ■ 10- 2 <t<0.1]^ ac (ffl=0)~r7^ 1.0<y< 1.7 
T ~ r A —> 0.85 < A < 1.15 
5.17 K < T <7.70 K: X ac for It |[ a and/?o II C 
kinks of ^ a a c a at H k = (T g - 7) 10(1) , T % = 7.5 K 
5.97 K < J< 6.67 K: Xac f° r * II c and II c > 
sharp peak of Xac at H C (T) = -> r c (// 0 ) 

4.2 K < T < 11.0 K: M(H 0 , T) for H 0 || a [2.5 mT <H 0 < 85 mT] 

T>T c :x= dM/dH —>B = b(2-r\) = 2.63, T kt = 5.50 K 

T<T c :x= dM/dH -> a (T), 6(7). a(7’ KT ) = 0.875 

4.2 K < T< 8.6 K: M(77 0 , T) for H 0 || c [5 mT < 77 0 < 80 mT] 

meas. of field-induced M\\ c, derivation of T C (H 0 ) 

broad max. atT> Tq and symm. log. sing, at Tq = 6.25 K; 

analysis of singular part [ 10 -3 < 1 1 \ < 10 -1 ]: 

A + = A~ = 0.0494, D + = -0.0797, D~ = -0.0530 


References, remarks 


■ [7712,7811] 

C p by ac cal. [80H4] (T N = 97.03 K), 

exp. data fitted: a) to Eq. 4.16 with a + = a - , and b) to Eq. 4.17, 
both fits with D + = D~; c) Atheory: Eq. 4.19 


inductance bridge at/= 70 Hz [75D2, 76D5] 

X-over behaviour: no straight line in log-log plot 
y: Eq. 4.32 

ac meas. at/= 430 Hz [81S1] (T c = 6.25 K); scaling anal, using 
" Eq. 4.12 b (t > 0): X = W + (77 int /t A ) 

©-dependent meas. [80H6], see also [75H2] 

X-over behaviour: no straight line in log-log plot; 

'{ * ac (©): Eqs. 4.139-4.140b; r: Eqs. 4.141, 4.142 
ac meas. at/= 570 Hz [82S4] 

2D XY-regime, at Tg X-over to 2D Heisenberg 

ac meas. at/= 570 Hz [82S4] 

T c (H n ) derived from 7/ c (T) 

meas. magnetometer [81H2] 

' 2D XY-model: X for 6.6K<7< 7.3 K (Eq. 4.44, b = 1.5) 

.1 x fOT 7’<7’ c ^7: B r^~iV a < r >(Eq. 4.62) 

■ meas. magnetometer [81H2] 

C p by ad. cal., ac m. [72Y2, 76Y1], see also [74B2, 77B3] 

■ [76Y1]: exp. data fitted to Eq. 4.17 with E = 0 





















Table 6. Data about Critical Behaviour (continued) 


Compound 


K2CuF 4 (cont.) 


Critical exponents, critical amplitudes etc. 


4) EPR LW 

5) LMB 


A// EPR (7) [4 K < 7< 300 K], A77 EPR (l//) at several 7 
satellite lines at 2v and 3v, lineshape analysis 

A n ac : d | A n ac | /d7~ Cmagn —> broad max. at T ~ 9.3 K 
and sharp spike at Tq = 6 .189 K — > a + = a - = 0.07 
T< 7 C : / ac (7) - M 2 (7) -> (3 = 0.33(1) [10 “ 3 < 1 1 \ < 0.05], 
and j3 = 0.24 [0.07 < 1 1 | <0.3] 


A/z ac (77 0 , 7), A« aa (// 0 , 7) [4.5 K < T< 7 K, 0 < H 0 < 30 mT] 
scaled plot: yfKn / vs. t / hV£ —> p = 0.345, 8 = 4.81 


6 ) el. + quasi-el. n-scatt. 


7) inel. n-scatt. 


fm. stripe domains: 1 st order Bragg peak with 
4(7) - M\T) -> P = 0.33(3) [0.002 < 1 1 \ < 0.05] 
magn. contribution to (0,0,4) Bragg refl.: 7(7) - M 2 (7) 

P = 0.33(3) [ 10“ 3 < 1 1 1 < 0.05], P = 0.22 [0.07 < 1 1 \ < 0.3] 
fm. Bragg rods (0,0, 1.6), (0, 0, 1.8) [4.5 K < 7< 10 KJ 
—> k(T): b= 1.5, 7 rt = 5.5(1) K; observed x-over: 

3D XY - 7 X = 6.6 K - 2D XY - 7 X = 7.3 K - 2D Heisenberg 

x-over in hco(q): 3D XY <-> 2D XY 2D Heisenb. 
spin-wave lineshape: comparison to theory 

T > Tq. central peak (dynamics of free spin vortices) 


Rb 2 CuF 4 

meas. % 


Ferromagnet, M_L c (magn. order see Fig. 3.27) 

XfD for Hq ± c, XAT) for 77 0 || c [0.5 K <7 < 8 K] 

T> Tq. anal. X\\^ b = 1-5, 1 ) = 0.25, 7 RT = 5.6(1) K 

X' ac (77 0 , 7) for77 0 ±c [3 K < 7< 8 K, 0 < H 0 < 0.1 T] 
7> Tq. y= 1.24(13), A = 1.32(12), 7 C = 6.05(9) K 


References, remarks 


I [78N3, 83Y3], see also [72Y3, 81R1]; 7< 100 K: 
evidence for spin diffusion, A77 EPR (l //): Eq. 4.182 

[80K2]; theory LMB see [81K6]; broad C m agn-max.: for low 7 spin- 
w. th. (Eq. 3.79), for high 7h.t.s. (Eq. 4.39) 

| [80K2]; X-over 3D XY <-> 2D XY near t = -0.055 
1 (7= 5.9 K), 7 C = 6.189 K 

[80K2], Tq = 6.30 K, scaled plot [83K4]; 
l Eq. 4.12c: M /= P ± (\t\/H^) 

■ [82N1, 82N2] 

[72H2, 73H3, 90J1 ], x-over 3D XY o 2D XY near 
t = -0.064 (7 = 5.85 K), 7 C = 6.25 K 

[82H5, 82H6], see also [72H2, 79H2, 81H3] 

2D XY-model (cf. Eq. 4.43): K~ exp [- b t -1/2 ] 
for 6.6 K < 7 < 7.3 K 

[76M3, 77M1, 78M2, 83H4]; theory for the spin-wave lineshape of a 
2D Heisenberg fm.: see [76M3, 77M1] 

[92M2]; theory: [86K3, 87M2, 89M2] 


vibrating sample magnetometer [88D1] 

2D XY-model: ^(cf. Eq. 4.44) for 6.5 K < 7< 10 K 

ac meas. at/= 530 Hz [ 88 DI ]; scaling analysis using Eq. 4.12b 
| (t> 0 ): x = 

























Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 


b) Chlorides, Bromides, Iodides with inorganic A + -ions 


Rb 2 CrCl 4 

1 ) meas. % 

Ferro magnet, M A c (magn. order see Fig. 3.34) 

X(T) for 7/„ || (1, 1, 0) — > 0 [52 K < 7< 55 K], T c = 52.07 K 
T> T c : y= 1.35(2) [0.003 < t < 0.01], 

1.4 <y< 1.86 [0.01 <t <0.05] 

2) meas. M 

M(7/ 0 , T) for H 0 || (1, 1, 0) [0 <H 0 < 7 T, 5 K < T< 160 K] 

T< T c : M(H 0 , T) -> a{T), S(T), T c = 52.4 K 

T>T c :x= dM/dH -> B = 4.07(10), J KT = 45.5 K 

3) LMB 

An xy (H 0 , T) for H 0 || X [0 < H 0 < 53 mT, 40 K < T < 60 K] 
An(T) M(T) P = 0.28(2), M(0) = 0.222(20) T 

An(H mt ) ~ scaled plot: Va« / vs. t / hV£ 

4) el. + quasi-el. n-scatt. 

magn. contribution to (0,0,4) Bragg refl.: 7(7) - M\T) 

—> (3 = 0.333(19) [6 - 10- 4 < | r | < 0.015] 

(3 = 0.230(2) [0.015 < 111 <0.12] 

fm. Bragg rods (0,0, 3 + f z0 ) [5 ■ 10” 4 < t < 2], 

7 C < T< 55 K: K^> v = 0.825(25), T c = 52.403(16) K, 
kt+ la * = 0.123(6), k z la* = 7.3(1) • 10“ 3 
T>55K\ k X^>b = 2.12(57), B = 4.36(8), r KT = 43.4(27) K 
neutron depolarization study of magn. critical fluctuations 

5) inel. n-scatt. 

J-dependence of Ti(o{q) for (f, C 0) [0.007 < C< 0.028] 

T > Tq. sharp magnons and central peak due to free vortices 
dynamics 

Rb 2 CrCl 3 Br 

el. + quasi-el. n-scatt. 

Ferromagnet, M Ac (magn. order see Fig. 3.34) 
magn. contribution to (0,0, 4) Bragg refl.: 7(7) - M 2 (T) 

P = 0.258(5) [3.5 ■ 10“ 3 < 1 1 \ < 0.9] 


References, remarks 


[86K2] 

3D XY-regime 

x-over behaviour: no straight line in log-log plot 
[86C1], meas. of o~ M( magn. moment per unit mass) 

2D XY-model: {M{T)) = h\^ (T) (cf. Eq. 4.46) 

2D XY-model: X ~ exp [5 ?“ 1/2 ] (cf. Eq. 4.44) 

[82K2]; definitions of the directions Yand Y: [82K2] 

1 [82K2], T c = 52.71 K; scaled plot [83K4]; 

}} Eq. 4.12c: M / =W ± (\t\l H\£ ) 

[93A], see also [77F2, 79D3]; T c = 52.403 K 
f X-over 3D XY <-> 2D XY near t = -0.015 
. i ( = T= 51.6 K); |3: Eq. 4.20 
[93A] 

■ 3D XY-regime, power law, cf. Eqs. 4.32a and 4.56 

2D XY-model: k( t ) Eq. 4.43 and x( t ) Eq. 4.44 
[95T1] 

[86H2], rapid drop of fico near T c , esp. for £ < 0.025 

[88B2, 92B2], inel. n-scatt, with polarized neutrons: spin-flip and 
non-spin-flip cross sections 


[86B3], Tr = 55 K; value of B close to that of the 2D XY-model; 
(3: Eq. 4.20 

















Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

Rb 2 CrCl 2 Br 2 

el. + quasi-el. n-scatt. 

Ferro magnet, Ml. c (magn. order see Fig. 3.34) 
magn. contribution to (0, 0, 4) Bragg refl.: 7(7) ~ M\T) 

P = 0.41(3) [5.5 • 10“ 3 < 1 1 1 < 0.037] 

P = 0.265(5) [0.037 <|t| <0.9] 

Rb 2 MnCl 4 

1 ) el. + quasi-el. n-scatt. 

Antifen'omagnet, M sub | || c (magn. order see Fig. 2.2) 
afm. Bragg refl. (1, 0, 0): I(T) ~, J N = 55.842(6) K 

—> 77 0 < 77o F : P = 0.15(1) , , , 

^>JZsp: P-0.26(l) | P - 10 -I'1-008] 

2 ) el. + inel. n-scatt. 

Y-dependence of LW in q and CO for afm. Bragg rods and afm. 
Bragg refl. at 77 0 = 8 T (77 0 || c) 

3) LMB 

d(An)/d7’ - Cmagn: broad max. at T > T N and a sharp spike at 

J N = 54.83 K 

T> 60 K: exp. data comp, to h.t.s. calculation 

4) LMB, CMB 

dependence on 77 0 [0 < 77 0 < 10 T] and T [4.2 K < Y < 60 K] 

-> J= -5.6(1) K, 7 N = 55 K, 77 sf = 5.6 T 

5) EPR LW 

T> T n : A77 epr (7) [55.4 K < T< 83 K], T^(H 0 = 0) = 55 K 

Hq || c: p = 0.22(26) [0.007 < t < 0.05], p = 2.4(5) [0.1 < t < 0.5] 

alternatively: exam, of soliton contribution to EPR LW 
exp.: E s = 850(70) K, calc.: E s = 919 K (/= -5.85 K) 

h.t.: A77 epr (i//) at 300 K and at T below 70 K, change of 
A77 epr (i//): Eq. 4.182 (300 K) Eq. 4.166 (< 70 K) 

Rb 2 CuCl 4 

Cmagn 

Antifen'omagnet, M sub | ± c (magn. order see Fig. 3.27) 
broad max. at T> 7 N , sharp spike at T= = 13.8 K 


References, remarks 


86B3], T c = 57 K 

X-over 3D XY <-» 2D XY near t = -0.015 
( = T= 51.6 K); (3: Eq. 4.20 


[96K, 98K1] 

' // 0 || c, 77 SF : Eqs. 3.38, 3.39; P: Eq. 4.20; H 0 <7/ SF : afm. Ising-like 
phase, H 0 > 7/ SF : XY-like spin-flop phase 

[92T1 ]; limited LRO: K> R q , r q > R a (R q , ^resolution widths); 
competition between 2D and 3D order 

• [80N1, 80P4] 

[80P4] ; h.t.s.: Eq. 4.39; coeff. see [67B2, 73Y3, 90N] 

• [80P3, 80P4], see also [78P]; /%: Eqs. 3.38, 3.39 

EPR (61.1-152 GHz) [88G3, 90G4], see also [83P]; 

AH epr : Eq. 4.165; T N (H 0 ), A7/“ pR =./(v), C EPR =/t-range) 

[88G3, 90G4], see also [83P]; reanalysis of the exp. data with 
. respect to Eq. 4.170a; E s \ Eq. 4.176, [96Z1] 

' [82P1, 83P], EPR at 9.2, 35 GHz; 300 K: evidence for spin diffusion 

(A77 EPR (l//), lineshape analysis) 


heat-pulse method [74B2, 77B3], see also [74W3] 


















Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 


c) Chlorides and Bromides with organic A + -ions 


(C 6 H 5 CH 2 NH 3 ) 2 CrCl 4 

Ferromagnet, M _L c 

meas. X 

Zac at/= 198 Hz [5 K < T< 65 K], T c = 37 K 

T> Tq. x'ac/Xo ->7=1.87 [0.05 <t< 0.22] 
y=2.2 [0.22 <t< 0.75] 

(C 6 H 5 CH 2 NH 3 ) 2 CrBr 4 

meas. M 

Ferromagnet, M _L c 

M(7)/M(0) [10 K < T< 72 K], T c = 52.0 K 

T<T C : (3 = 0.5 [0.07 <|i| <0.15], (3 = 0.23 [0.25 < 1 1 \ < 0.85] 

(CH 3 NH 3 ) 2 MnCl 4 

1 ) el. + quasi-el. n-scatt. 

Antiferromagnet, M sub | (( c (spin canting, weak fm.: M ± c) 
afm. Bragg refl. (0, 1, 0): I(T) ~ (T) 

(3 = 0.195(10) [0.0013 < 1 1 1 < 0.067], J N = 44.63(10) K 

2) meas. M 

3) Cmagn 

4) meas. % 

weak fm. M(7) -> |3 = 0.183(7), J N = 44.79(1) K 
broad max. at T > J N , not resolved: sharp spike at 

X [78 <T< 305 K]; X ic , Zac at/= 33 Hz [4.2 K < T< 140 K] 
y + = 2.90(13), Y“ = 2.39(7); r N = 45.3(5) K 

5) EPR LW 

T> r N : AH epr (T) [46.5 K < T< 11 K], J N = 45.3 K 

H 0 || c: p = 0.6 [0.03 < t < 0.1], p = 2.6(2) [0.1 < t < 0.75] 

alternatively: exam, of soliton contribution to EPR LW 
exp.: E s = 760(60) K, calc.: E s = 754 K (/= -4.80 K) 

h.t.: AH EPR (y/, T) [50 <T< 300 K], A7/ EPR (7) almost linear 
(cf. Eq. 4.186), fit of A// EPR (y/) to Eq. 4.184 at 300 K 

(C 2 H 5 NH 3 ) 2 MnCl 4 

1 ) el. + quasi-el. n-scatt. 

Antiferromagnet, M sub | || c (spin canting, weak fm.: M ± c) 
afm. Bragg refl. (1, 0, 0): I{T) 

—> (3 = 0.18(4) [4.2 K < J< 41 K]; T N = 42.1(2) K 


References, remarks 


86B1] 

X-over behaviour, unfortunately data not analysed with respect 
to the 2D XY-model (cf. Eq. 4.44) 


[87B1] 

(3: 1 st value 3D XY??, 2 nd value 2D XY (Eq. 4.66) 

details see [90A1], weak fm. due to DMI (Eq. 3.52) 

• [96K], see also [90A1]; (3: Eq. 4.20 

SQUID magnetometer [96K] 

Cmagn = C p (Mn-comp.) - C p (Cd-comp.) hy ad. cal. [82W2] 

[74G2] 

Y + , y~: Eq. 4.32 

[71B4, 72B6, 75B6]: v= 9.3 GHz, [80S4]: v= 64.0 GHz 
A// epr : Eq. 4.165; A H EpR =/(v), C EPR =/(/-range) 

[83W4, 96Z1]: reanalysis of the exp. data of [75B6] with respect to 
Eq. 4.170a; calc. E s : Eq. 4.176 

[71B4, 72B6, 75B6]; evidence of spin diffusion; 

. . at all T> 70 K: A// EPR ( y/) follows closely Eq. 4.182 

details see [90A1], weak fm. due to DMI (Eq. 3.52) 

• [86A1, 90A1]; (3: Eq. 4.20 

















Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

(C 2 H 5 NH 3 ) 2 MnCl 4 (cont.) 


2) EPR LW 

T> r N : A// epr (7) [46.5 K < T< 70 K], (Z N = 42.1 K) 
AH EPR (T): exam, of soliton contribution to EPR LW 
exp.: E s = 770(80) K, calc.: E s = 723 K (J= -4.60 K) 

h.t.: AH EPR (y/, T) [50 <T< 300 K], A7/ EPR (7) almost linear 
(cf. Eq. 4.186), fit of A7/ EPR (l//) to Eq. 4.184 at 300 K 
satellite line at 2v (half-field EPR), lineshape analysis 

(C 3 H 7 NH 3 ) 2 MnCl 4 

1) el. + quasi-el. n-scatt. 

Antiferromagnet, M sub | || c (spin canting, weak fm.: M ± c) 
afm. Bragg refl. (1, 0, 1): I(T) ~M^ m (T) 

(3 = 0.229(5) [4.2 K < T< 38 K]; J N = 39.3(1) K 

2) meas. M 

3) C m agn 

4) EPR LW 

weak ferromagnetic M(T) — > p = 0.25(2) 

broad max. at T > Z N , not resolved: sharp spike at r N 

T> T n : AH epr (T) [0.17 K < t < 0.41 K],(r N = 39.3 K) 
AH epr (T): exam, of soliton contribution to EPR LW 
exp.: E s = 727(10) K, calc.: E s = 699 K (/= -4.45 K) 

h.t.: A// epr (i/a; T) [50 <T< 300 K], AH epr (T) almost linear 
(cf. Eq. 4.186), fit of A// EPR ( y) to Eq. 4.184 at 300 K 

(CH 3 NH 3 ) 2 FeCl 4 

1) Cmagn 

Antiferromagnet, M sub | ± c (spin canting, weak fm.: M || c) 

symm. log. sing, in Cp at T N = 90.90 K 

A + =A~= 0.168, D + = 20.62, D~ = 20.69, E = 14.87 

2) Mossbauer study 

hyperfine field H(T)/H( 0) = M subl (7)/M subl (0) 

P = 0.146(5) [2 ■ lO” 4 < 1 1 1 < 10" 1 ]; Z N = 94.46(2) K 

3) meas. % 

X(T) [65 K < T< 165 K], sharp peak at T n = 94.9 K 
—>y + = 1.67(3), r= 1-60(10) 


References, remarks 


EPR at 9.3 GHz [71B4] 

[83W4, 96Z1 ]: reanalysis of the exp. data of [71B4] with respect 
to Eq. 4.170a; calc. E s : Eq. 4.176 

’ [72B6, 75B6, 78B7, 79B9, 80B10, 80L3], see also [71B4]; spin 

diffusion: a) A// EPR (l//): Eq. 4.182, b) satellite line c) lineshape 
. d) A// epr —In (B—>D/a 2 = 271(40) GHz 

details see [90A1], weak fm. due to DMI (Eq. 3.52) 

• [90A1]; |3: Eq. 4.20 

SQUID magnetometer [90A1]; (3: Eq. 4.20 

Cmagn= C p (Mn-comp.) - C p (Cd-comp.) by ad. cal. [81W3] 

EPR: [93G, 95Z1] (v= 10 GHz) 

analysis of the exp. data with respect to Eq. 4.170a; calc. E s : 

'{ Eq. 4.176; theory: [96ZI ] 

[72B6, 75B6]; evidence for spin diffusion; 

. . at all T> 70 K: A// EPR follows closely Eq. 4.182 

details see [83N4], weak fm. due to DMI (Eq. 3.52) 

[84Y1], C p by high resolution ac calorimetry 
exp. data fitted to Eq. 4.17 

• [77K8], see also [71M1, 74S6]; (3: Eq. 4.20 

[73W5], see also [7 1M1 ]; sharp peak at T’n resulting from spin 
canting and weak ferromagnetism 




















Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

(C 2 H 5 NH 3 ) 2 FeCl 4 

1) Cmagn 

Antiferromagnet, M sub | A. c (spin canting, weak fm.: M || c) 

nearly symm. log. sing, in C p at T ^ = 98.36 K 

A + = 0.349, A~ = 0.411, D + = 20.40, D~ = 20.13, E = 12.30 

2) Mossbauer study 

hyperfine field H{T) ~M suM (7) —> P = 0.129 

(CH 3 NH 3 ) 2 CuCl 4 

1) magn. fluctuations 

Ferromagnet, M subl || a (covert spin canting, c: hard axis) 
magn. noise [0.01 Hz </< 10 Hz, 8 K < T< 10 K] 

—> noise max. near r=9.3K = r x = 9.35 K 

2) meas. X 

X(T) fori/„||a [8.5 K< T< 10.5 K], T c = 8.903 K 
->y= 1.2 [0.002 <t <0.04], y = 1.73 [0.06<t<0.5] 

X ac (C0, T) [1.2 MHz </< 62 MHz, 8.5 K < T< 10 K] 
z~t~ A -> A = 1.05(3) [0.003 < t < 0.1] 

3) optical studies 

Faraday rotation 8000-25000 cm -1 , H 0 = 0.125 T 
- X\\ for T> r c —> y = 1.35(10) [0.008 < t < 0.024], 

(r c = 8.9K) y - 1.73(5) [0.024 <t <0.1 ] 

4) Cmagn 

5) EPR LW 

broad max. at T > Tq, small sharp spike at Tq = 8.895 K 
h.t.: A// epr (7) [100 K < T< 300 K], (Eq. 4.186), 5 EPR ~ J 

(CD 3 ND 3 ) 2 CuC1 4 

Ferromagnet, weak afm., preferred spin direction in adjacent 
layers at +23° from 6-axis in 6oplane 

1) el. + quasi-el. n-scatt. 

magn. contribution to (0,0, 2) Bragg refl.: I(T) ~ M 2 (T) 

P = 0.242(2) [0.009 <\t\< 0.3], T c = 8.84(1) K 

2) meas. % 

Zac ( T ), Zac (7) at /= 20.7 Hz [4 K < T< 20 K] 

Y= 1.24 [0.01 <t <0.08], Y= 1-75 [0.08 <t< 0.26] 

(C 2 H 5 NH 3 ) 2 CuC1 4 

1) Cmagn 

2) EPR LW 

Antiferromagnet, M sub | || a (covert spin canting, c: hard axis) 
broad max. at T > 7^, small sharp spike at J N = 10.20 K 
h.t.: A7 / epr (7) [100 K < T< 300 K], (Eq. 4.186), 5 EPR ~ J 
influence of radiation reaction damping on EPR lineshape 


References, remarks 


details see [83N4]; weak fm. due to DMI (Eq. 3.52) 

[84Y1], C p by high resolution ac calorimetry 
exp. data fitted to Eq. 4.17 

measured by T. Suzuki, quoted in [84Y1]; p: Eq. 4.20 

details see [72J4, 84S4, 88D3, 89D2]; struct.: P2i/bl 1 

[89T1, 92L2]; SQUID magnetometer 

T x \ x-over 3D Ising 2D Ising, cf. [75A2, 76J1, 7902] 

[76J1, 78J, 7902, 8001], see also [75A2, 75D2, 76D5] 
x-over 3D Ising —> 2D Ising at t x = 0.05 ( T x = 9.35 K) 

| [7902,8001]; 

[ ^ ac (( 0 ): Eqs. 4.139-4.140b; r: Eqs. 4.141, 4.142 
75A3], see also [77H1] 

y: Eq. 4.32; X-over 3D Ising —» 2D Ising behaviour at t x = 0.024 
'{ ( T x = 9.12 K), see also [76 Jl, 76J2, 78J] 

[71B5, 74B2, 74M2, 77B3], see also [67K2, 68V] 

EPR: [72D]; theory for A// EPR (7): [71C4, 81W5] 

details see [79S2, 83S2]; struct.: A2[/bl 1 
• [83S2, 84S4], p: Eq. 4.20 

[84S4]: y: Eq. 4.32; X-over 3D Ising —> 2D Ising behaviour at 
t x = 0.08 (T x = 9.55 K) 

details see [71J3, 72B5, 72J4, 73B5, 84V1]; struct.: Pbca 
[71B5, 74B2, 74M2, 77B3], see also [67K2, 68V] 

EPR: [72D], see also [73A6]; theory A7/ EPR (7): [81W5] 

[77B5]; EPR (v = 10.35 GHz) [4.2 K < T < 20 K] 















Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

(Ci 0 H 21 NH 3 ) 2 CuC1 4 

Ferro magnet 

meas. x 

X\\{T) [8.0 K < T < 9.0 K], T c = 7.92 K 

y = 1.25 [0.015 < t < 0.03], y = 1.75 [0.03 < t < 0.14] 

[C 6 H 5 (CH 2 ) 2 NH 3 ] 2 CuCl 4 

meas. x 

Ferromagnet M || a (c: hard axis) 

X\\(T) for Hq || «,#„-» 0 [4.2 K < T< 13 KJ 
— > y= 1.7 [0.002 <t< 0.04], T c = 9.439 K 

(CH 3 NH 3 ) 2 CuBr 4 

Cmagn 

Four-sublattice antiferromagnet with hidden spin canting 
sharp spike in C p at = 15.8 K 

(C 2 H 5 NH 3 ) 2 CuBr 4 

EPR LW 

Antiferromagnet, M sub | || b (spin canting, c: hard axis) 

h.t.: AH epr (T) [75 K < T< 300 K], -> (Eq. 4.186), 5 EPR ~ J 4 
77 K: AH EPR (y/) in accordance with Eq. 4.185 (4.166) 

(C 3 H 7 NH 3 ) 2 CuBr 4 

EPR LW 

Antiferromagnet (spin canting, weak ferromagnet) 

h.t.: AH epr (I) [75 K < T< 300 K], (Eq. 4.186), S EPR -J 4 
77K: AH EPR (y/) in accordance with Eq. 4.185 (4.166) 


d) Diamino ilium Compounds with X = Cl , Br 


[NH 3 (CH 2 ) 2 NH 3 ]MnCl 4 

EPR LW 

Antiferromagnet, M sub | || c (spin canting, weak fm. M_L c) 
295 K: AH EPR (y/) in accordance with Eq. 4.182 
satellite line at 2v (half-field EPR) 

[NH 3 (CH 2 ) 4 NH 3 ]MnCl 4 

Four-sublattice antiferromagnet, M sub [ || (+ sinfl, 0, cos0) 
with 9= 16°; spin canting, weak fin. 

EPR LW 

T> r N : AH epr (T) for Hq || c,H 0 _Lc [0.03 < t < 0.35]: 
t > 0.1 —> p <= 2.7, t < 0.1 —> x-over behaviour 

alternatively: exam, of soliton contribution to EPR LW 
exp.: E s = 850(50) K, calc.: ./unknown 


References, remarks 


J > 0, see [72J4] 

[ [76J1, 76J2, 78 J] ; y: Eq. 4.32; X-over 3D-Ising 2D-Ising 
behaviour at t x = 0.03 (T x = 8.15 K) 

f > 0, details see [76D2, 76Y3]; struct.: presumably Pbca 

[78R2]; y: Eq. 4.32; for t < 0.002 possibly X-over 2D Ising —> 3D 
Ising behaviour 

details see [80K6, 81S5] 

C p by ad. cal. [80K6], see also [74B2, 74M2] 

details see [80K7, 81S5]; struct.: presumably Pbca 

' f EPR: L73W6], theory for A// EPR (7): [71C4, 81W5]; 

S EPR : antisymmetric, anisotropic exchange (Eqs. 4.187) 

details see [77K2]; struct.: Pbca 

' f EPR: [73W6], theory for AH EPR (T): [71C4, 81W5]; 

S EPR : antisymmetric, anisotropic exchange (Eqs. 4.187) 


details see [76A1, 81K9]; weak fin. due to DMI (Eq. 3.52) 

EPR: [75L10, 81K9]; evidence for spin diffusion: a) AH EPR (y/), 
b) satellite line 


details see [88S5]; spin canting due to DMI (see Eq. 3.52); struct.: 
P2,/b 11 

[77H3], see also [75H3]; T N = 41 K; 
fit of exp. data AH EPR (T) to Eq. 4.165 

[83W4, 96Z1 ]: reanalysis of the exp. data of [77H3] with respect to 
Eq. 4.170a; calc. E s : Eq. 4.176 

























Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

[NH 3 (CH 2 ) 6 NH 3 ]FeCl 4 
meas. M induced by H 0 

Antiferromagnet (spin canting, weak fm.) 

M(H 0 , T) [0 < H 0 < 3.2 mT, 99 K <T< 103.5 K] 

X = dM/dH h> y + = 1.63(4), y~ = 1.51(5) 

[NH 3 (CH 2 ) 2 NH 3 ]CuC1 4 

1) LMB 

Antiferromagnet, M sub | || b (c: hard axis, (| f/J \ = 0.60) 

A»(7) at 632.8 nm [4 K < T < 290 KJ 
d(A»)/d7’~ Cmagn: large peak at = 34.24(5) K 

2) NMR 

2 D-NMR, -NQR: A/(7) - M subl (7) [4 K < T < 40 K] 

P = 0.337(10) [0.04 < 1 1 1 < 0.2] 

3) EPR LW 

h.t.: A^ epr (7) [93 K < T< 333 K], linear (cf. Eq. 4.186) 

295 K: A7/ E p R (l//) in accordance with Eq. 4.185 

[NH 3 (CH 2 ) 3 NH 3 ]CuC1 4 

EPR LW 

Antiferromagnet, M sub | || b ( c: hard axis, (| J'tJ \ = 0.10) 

h.t.: A// epr (7) [60 K < T< 300 K], ^ (Eq. 4.186), 5 EPR ~ J 4 
295 K: A77 E p R (l//) in accordance with Eq. 4.185 

[NH 3 (CH 2 ) 4 NH 3 ]CuC1 4 

EPR LW 

Antiferromagnet, M sub | || b (c: hard axis, (| f/J\ = 0.012) 
h.t.: AH epr (7) [75 K < T< 300 K], linear (cf. Eq. 4.186) 
295K: A77 E p R (t//) in accordance with Eq. 4.184 

[NH 3 (CH 2 ) 5 NH 3 ]CuC1 4 

LMB 

Antiferromagnet, M sub | || b ( c: hard axis, (| f/J \ = 0.003) 

A«(7) at 632.8 nm [4 K < T < 290 K] 
d(A«)d7’~ Cmagn: broad max. for T> T N 

[NH 3 (CH 2 ) 2 NH 3 ]CuBr 4 

EPR LW 

Four-sublattice afm. with hidden spin canting (| f!J \ = 1.8) 

h.t.: A7 / epr (7) [93 K < T< 333 K], linear (cf. Eq. 4.186) 

100 and 300 K: A77 EPR (y/) fits well to Eq. 4.184 

[NH 3 (CH 2 ) 3 NH 3 ]CuBr 4 

EPR LW 

Antiferromagnet (| f/J \ = 1.0) 

h.t.: A7 / £pr (7) [93 K < T< 333 K], linear (cf. Eq. 4.186) 

113 and 296 K: A// EPR (y/) fits well to Eq. 4.185 


References, remarks 


details see [82M2, 83S8, 95M1] 

[95M2]; vibrating sample magnetometer 
y + , y~: Eq. 4.32 

details see [77K4, 78A4, 79K8, 79S5]; struct.: V\2 x /&\ 

[78A4, 79K8]; sample: crystal section || layers, _L 6-axis 
sharp peak at T N : typical 3D behaviour 

' f [77K4], see also [75K1, 76K4]; sample: 

. [ND 3 (CH 2 ) 2 ND,]CuCl 4 : |3 = 3D system (cf. Table 7) 

EPR: L77Z, 82K5, 83K8]; 5 EPR : short-time contributions 
. . dominating; theory 5 EPR : [71C4, 77Z, 81W5] 

details see [79K8]; struct.: Pnam 

' f EPR: [77S6, 82K5, 83K8]; theory A H EPR (T): [81W5] 

5 EPR : antisymmetic, anisotropic exchange (Eqs. 4.187) 

details see [81S7]; struct.: P12j/al 

EPR: [82K5, 83K8]; some evidence for spin diffusion, but also 
. short-time contributions to A// EPR 

details see [79K8]; struct.: P12j/nl 
[79K8] 

broad max.: typical 2D behaviour 

details see [85R2]; struct.: P 12j/al 

' [ EPR: L83K8]; theory AH EPR (T): [71C4, 77S6, 81W5]; 

5 EPR : antisymmetric, anisotropic exchange (Eqs. 4.187) 

details see [82S5, 84R6]; struct.: P12i/n 1 

' J EPR: L83K8]; theory AH EPR (T): [71C4, 77S6, 81W5]; 

5 EPR : antisymmetric, anisotropic exchange (Eqs. 4.187) 




















Table 6. Data about Critical Behaviour (continued) 


Compound 

[NH3(CH2)4NH 3 ]CuBr4 
EPR LW 

e) diluted magnets 

K 2 Mn x Mgi_ x F 4 
EPR LW 

Rb 2 Mn x Mg 1 _ x Cl 4 
1) el + quasi-el. n-scatt. 


2) (H 0 , T) phase diagram 

3) EPR LW 


K 2 Mn x Znj_ x F4 

n-diffraction 

(C3H 7 NH3) 2 M ni _ x Zn x Cl4 

1) meas. Zac 

2) EPR LW 


Critical exponents, critical amplitudes etc. 


Antiferromagnet (| f/J | = 0.17) 

h.t.: AH EPR (T) [93 K < T< 333 K], linear (cf. Eq. 4.186) 

100 and 300 K: A77 EPR (l//) fits well to Eq. 4.185 


x > x p : Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 

x = 0.35, 0.86: AH EPR (T) for i//= 0°, 55°, 90° [0 < T< 80 K]; 
various x [0.35 < x < 1.0]: A// EPR (t//) at 300 K; x = 0.52: 
satellite lines at 2v, 3v (half-field EPR, 1-third field EPR) 

x > x p : Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
x = 0.54, 0.57, 0.60: Eleisenberg percolation; 
various afm. Bragg rods —> I(q) -> k{T) = Kj + Kq 

k t -> D ds = 1.00(5), v T = 0.90(5), y T = 1.50(15) 

Kg^k° g = 3.0, v p = 1.354(15), y p = 2.43(3) 

I(q = 0) n = 0.34(8); b = v p / v T = 1.48(15) 
x = 0.7: 7]>j = 14.2(3) K for Hq = 0; influence of random fields, 
metastability boundary (cf. Fig. 4.41) 

x = 0.30, 0.57, 0.70: A77 EPR (y/) at 295 K (all x) and at 70 K 
(x = 0.30), at 20 K (x = 0.57) and at 23 K (x = 0.70); 
x = 0.54, 0.61, 0.70: AH EPR (T) at y= 0°, 55°, 90° 


x > x p : Antiferromagnet, M sub | |j c (magn. order see Fig. 2.2) 
x = 0.66, 0.74, 0.78, 0.91: scans through afm. Bragg refl. along c 
at low T (H 0 = 0) —> fq, increasing for x —> x p 

(1—x) > x p : Antiferromagnet, M sub ] || c (spin canting, weak fin.) 
0.001 < x < 0.05: 7^ = 39.2 K independent of these small x 

x = 0, 0.0044, 0.0106: AH EPR (T) [45 K < T< 60 K], exam, of 
soliton contribution to the EPR linewidth 


References, remarks 


details see [82S5, 84R6]; struct.: P12j/a 1 

[ EPR: [83K8] ; theory AH EPR (T): [71C4, 77S6, 81W5]; 
5 EPR : antisymmetric, anisotropic exchange (Eqs. 4.187) 


EPR at 9 GHz [78Y2, 78Y3], s. also [77T5, 80T5]; 
AH EPR (T) = Eq. 4.165 (x >x p ) and Eq. 4.186 (x < x p ); 
spin diffusion: A// EPR (l//) [Eq. 4.182], satellite lines 


[76B7, 77C7, 80B1]; theory: [76K7, 76S7, 81C3] 


k(T): Eq. 4.106,4.110a; jc t : Eq. 4.109a 
• Kq: Eq.4.107;%): Eq. 4.105; 
theory for v p , y p : Eq. 4.102 

[88C3, 91B2, 93C2], n-scattering; review on random field effects: 
see [84B4] 

EPR at 12, 17.4, 35 GHz [79W2]; A H EPR (y/) = 

•• Eq. 4.182 (295 K, all x; 70 K, x = 0.30) and 
Eq. 4.188 (20 K, x = 0.57; 23 K, x = 0.70) 


[87D2, 88D11]; breakup of 3D LRO due to site-random fields from 
dilution, 2D order remains 


[96S1] 

[96S1]; E s (Eq. 4.170) from slopes in Fig. 4.63, see also Fig. 1 of 
1 [96S1], x = 0: E s = 727 K [95 Zl] 






















Table 6. Data about Critical Behaviour (continued) 


Compound 

Rb 2 Mn x Cdj_ x Cl 4 
1) EPR LW 


2) EPR LW h.t. 


(C 3 H 7 NH 3 ) 2 M ni _ : 

1) meas. Zac 

2) EPR LW 


Critical exponents, critical amplitudes etc. 

x > x p : Antiferromagnet, M sub | || c (magn. order see Fig. 2.2) 
A// EPR (7): exam, of soliton contribution to EPR LW 


x= 1.0 

Ho\\c: 

// 0 lc: 

x = 0.91 

H n || c: 

x = 0.90 

H 0 \\c: 
Hq -Lc: 

x = 0.80 

^o||c: 

x = 0.80 

Hq || c: 
H 0 ±c: 

x = 0.74 

H 0 \\c: 

x = 0.70 

H 0 \\c: 


// 0 lc: 

x = 0.62 

H 0 \\c: 

H 0 ±c: 


E s = 969(56) K, 
E s = 1094(56) K, 

E s = 578(61) K, 
E s = 507(43) K, 
E s = 585(43) K, 
E s = 266(31) K, 

E s = 250(26) K, 
£, = 281(26) K, 

E s = 208(29) K, 


E s /k B T N = 17.0(10) 
£ s /£ B r N = 19.2(10) 
E s /k B T N = 12.3(13) 

E s /k B T N = 11.8(10) 
E s /k B T N = 13.6(10) 

E s /k B T N = 8.6(10) 
E s /k B T^ = 9.6(10) 
E s /k B T N = 10.8(10) 

£ s /£ B r N = 8.0(11) 


t < 0.9: E s = 90(5) K, E s /k B T N = 6.0(3) 
t > 0.9: E s = 167(5) K, E s /k B T N = 11.1(3) 
t<0.9:E s = 92(5) K, E s /k B T N = 6.1(3) 
t > 0.9: E s = 159(5) K, E s /k B T N = 10.6(3) 

£ s = 5.6(4) K, E s /k B T N = 1.6(1) 

E s = 3.6(5) K, E s /k B T N = 1.04(14) 


x = 0.4, 0.5, 0.62, 0.7, 0.8, 0.9, 1.0: A// EPR (y/) at 300 K, 
x = 0.8, 1.0: A7/ EPR (y/) at T below 70 K, lineshape analysis: 
change from 2D to ID behaviour for x < 0.62 


Cd x CI_| 


(1-x) > x p : Antiferromagnet, M sub | || c (spin canting, weak fm.) 
0.001 < x < 0.05:7^ = 39.2 K independent of these small x 

x = 0, 0.0019, 0.0115: AH EPR )T) [41 K < T< 60 K], exam, of 
soliton contribution to the EPR linewidth 


References, remarks 


analysis of A7/ EPR (7) with respect to Eq. 4.170a; theory: [96Z1], see 
also [83W4] 

• T n = 57 K, [83P, 84E] 

J N = 47 K, [87G3] 

' r N = 43K, [84E] 
r N = 31 K, [89B4] 

• T n = 26 K, [83P, 84E] 

J N = 26 K, [89B4] 

• 

• J N =15K, [84E] 

■ P n = 3.5K, [84E] 

[ EPR at 9.2 and 35 GEIz [82P1, 83P] 

•• 300 K: fit of AH EPR (y/) to Eq. 4.182 

70 K: A7/ epr ( l//) changes Eq. 4.182 —> Eq. 4.165 

[96S1] 

[96S11; E s (Eq. 4.170) from slopes in Fig. 4.63, see also Fig. 1 of 
" [96S1]; x = 0: £ s = 727 K [95Z1] 

















Table 6. Data about Critical Behaviour (continued) 


Compound 

K 2 Fe x Zn 1 _ x F 4 

1) Mossbauer study 

2) el. + quasi-el. n-scatt. 


Rb 2 Co x Mg 1 _ x F4 
1) el. + quasi-el. n-scatt. 


Critical exponents, critical amplitudes etc. 

x > x p : Antiferromgnet, M subl ± c (magn. order see Fig. 2.6) 
^(xl/T^O) for various x: see Fig. 4 of [85D1] 
x = 0.74: afm. Bragg rod(1,0, 0.4) I(q, 1):[4K< T< 65 K] 
I(q, T) shows broad maximum from T N = 22.6(10) K down to 
11 K, its width A q decreasing from 65 K to 23 K, then const. 

(A q = &a tm = 14.6) 

x > x p : Antiferromgnet, M subl || c (magn. order see Fig. 2.2) 
afm. Bragg reflections (1, 0, 0), (1, 0, 3): I{T) ~A7^ ub| (7') 

and scans across afm. Bragg rod (1, 0, -0.51) —> v, r|, Kq / a * 
x= 1.00: J N = 103.0 K 

P = 0.115(16), v = 0.99(4), T) = 0.2(1), K+/a* = 0.35(8) 

x = 0.91: J N = 85.5K 

P = 0.125(5), v= 1.00(5), n = 0.2(1), K+/a* = 0.30(2) 

x = 0.82: J N = 67.2 K 

P = 0.125(5), v = 1.00(5), rj = 0.2(1), la *= 0.18(2) 
x = 0.70: F n = 40.8 K 

P = 0.13(2), V = 1.08(6), y= 1.75(7), k+ /a *= 0.086(8) 

x = 0.70 with v = 1.00 and y = 1.75 fixed: Kq / a* = 0.76(2), 
k-q la * = 0.148(8), Cq = 190(22), Cq = 5.33(48), 
k~ /k + q = 1.95(11), C^/Cq = 36(5), R s = 0.062(10) 


x = 0.65: J N = 30.8K 


References, remarks 


r N (l) = 63.0(3) K 
[85D1, 86D5] 

I f the magn. pt. is not sharp, onset of 3D order smeared over 
| 23 —> 11 K (see Fig. 8 of [85D1]; accordingly /Bragg( T) of (1, 0, 0) 
[ refl. gradually rising 


x = 0.65-1.0: very carefully grown samples, very slowly cooled 
through F n : 3D LRO; H 0 = 0: REIM (Sect. 4.1.12) 

f [7911, 8112]; p:Eq. 4.20; 

V, r \,Kq /a* : Eqs. 4.26, 4.29, 4.32a 

’[ [7911, 8112]; p: Eq. 4.20; 

V, T], Kq la *: Eqs. 4.26, 4.29, 4.32a 

[ [7911, 8112]; P:Eq. 4.20; 

V, T), K"q la * : Eqs. 4.26, 4.29, 4.32a 

' [87H2, 92C2]; p: Eq. 4.20; 

V, y, k'q !a *: Eqs. 4.26, 4.29, 4.32a 

' t> 0: fit to Eq. 4.28, t< 0: fit to Eq. 4.31 [A.= 1.0(1), (|> 2 = 0.40(16)]; 
" (Cq , K~, C,f, Cg : Eqs. 4.8-4.11,4.32, 4.32a; 

Eq. 4.15 (2-scale-factor universality) 

[7911, 8112] 


















Table 6. Data about Critical Behaviour (continued) 


Compound 

Rb 2 Co x Mgi_ x F 4 (cont.) 

2) n-scatt. (x = x p ) 

3) LMB 

4) n-scatt., diff. cooling pr. 


5) several methods 


Critical exponents, critical amplitudes etc. 


x = 0.55, 0.575, 0.583, 0.595: Ising percolation 
afm. Bragg rod (1,0, 0.4) —> I(q) ~^k{T) = K r + Kq 

% -> D ds = 0.96(6), v T = 1.32(4), fx = 2.4(1) 

Kq -» K° g = 3.0, Vp = 1.354(15), y p = 2.43(3) 

I(q = 0) -M) = 0.32(8); <|> = v p /v T = 1.03 
x = 0.85, d(A7;)/dt - C mag n: symm. log. sing, at = 76.35 K 
[ 5 ■ 10 -4 < U | < 0.01]: a = 0, A + /A~ = 0.95(10) 
scans along afm. Bragg rod (1, 0, £) [—1 < £< 0] —> ||| c 

a) after rapid cooling through J N 

x = 1.0: £/c = 3.6 at 77.5 K 

x = 0.89: lie = 3.2 at 11.8 K 
x = 0.85: \tc = 2.1 at 10.9 K 
x = 0.70: lie = 0.6 at 9.4 K 

b) after annealing at Tn for some time 

x = 1.0: £,/c = 10.3 at 77.5 K 

x = 0.89: \tc = 5.2 at 20.7 K 
x = 0.85: l/c= 5.9 at 14.2 K 
x = 0.70: \tc = 1.5 at 14.0 K 
random field effects; Hq ^ 0: RFIM (cf. Sect. 4.1.12); 

H || c [0 < Hq < 6 T] —> random field H (Eq. 4.115b) 

x = 0.85, LMB: d(A7!)/dJ~ Cmagn —> rounded peak at 
Tc(Hq) < 7n for H 0 = 0 (cf. Fig. 4.36); see also scaling plot 
[d(A«)/dr + F- A* In h] versus Vhr 2li > 

0.6 < x < 1.0, magn. meas.: X\\(Hq), M(Hq) for H 0 || c 
x = 0.7, n-scatt.: fit of I(q) to Eq. 4.118 —> k(Hq, T) 
x = 0.85, n-scatt.: /Bragg(77o, 7), ZFC and FC exp. 

—> metastability boundary T m (Hq) [Eq. 4.120]; 

0.30 < x < 0.91, pulsed h.m.f. exp. [0 <H 0 < 50 T] 


References, remarks 


' [80B1, 80C1]; theory: [81C3] 

k(T): Eqs. 4.106, 4.110a; k t : Eq. 4.109a 
" Kq: Eq. 4.107;/(g): Eq. 4.105; 

. theory for v p and y p : Eq. 4.102 

[83F3, 84B5]; // 0 = 0: REIM (cf. Sect. 4.1.12); 
exp. data fitted to Eq. 4.112 with D + = D~ 

[7813], see also [7912, 8312]; 

rapid cooling: 2D LRO dominating, less 3D LRO 

K= from width || (0, 0, 1) of (1, 0, 0) afm. Bragg refl. 


annealing or very slow cooling: better 3D ordering 
K= <^ -1 from width || (0, 0, 1) of (1, 0, 0) afm. Bragg refl. 


results indicate: magn. phase transition destroyed by ; 

’{ reviews: [84B4, 86K8, 88B5, 90J2, 91B1] 

[83F3, 84B5]; rounded peak due to random field; scaling plot 
" Fig. 4.37 according to Eq. 4.117b, single curve obtained with 
(|) = 1.75, F-A* = 1.64-10“ 6 K 1 
[8313, 8314]; FC, ZFC exp.; x = 0.6, Hq = 0: r N = 19 K 
[82Y3, 83B4, 83C4]; k{Hq, T): Eq. 4.119 (cf. Fig. 4.38) 

[85B3, 85B4, 85J2]; T M (H 0 ) < T C (H 0 ), cf. Fig. 5 of [85B3]; 

1 t M (H 0 ) = -(c M )!/(»[c M = 29(1), b = 1.74(2)] 

[84M4, 85K1]; different T m (Hq) = different time scale 





















Table 6. Data about Critical Behaviour (continued) 


Compound 

Rb 2 Co x Mgi_ x F 4 (cont.) 


Critical exponents, critical amplitudes etc. 


6) n-diffraction 

7) meas. Mand n-diffraction 

8) el. + inel. n-scatt. 


x = 0.60, 0.65, 0.70: J N = 20, 30.8, 42.8 K, resp.; 
afm. Bragg refl. (1, 0, 0): I(q) according to Eq. 4.101 
->q> Kq: I(q) ~ g -D f —> D f = 1.95(7) atT = 4.5K 

x 0.60: ordering kinetics, cind /Bra gg(0 V = time] 

—> domain size R(t) ~ [In t] 3 - 5 at T= 15 K 

afm. Bragg rod (1, 0, 0.4): I(q ) —> k(T), 1(a)) —> fj| 

x = 0.58: J=45K, kh = 0.19, J]| = 0.5 GHz 

J=65K, m = 0.43, J]| = 3.9GHz 

J=75K, m = 0.55, J]| = 9.2GHz 

x = 0.6 (T n = 17 K): additional tenn B s ■ gt 0 - 35 ( 6 ) in scattering 
function S( ft)) ~I(co) [cf. Eq. 4.151] 


K 2 Ni x Zni_ x F 4 

n-diffracion 


x > x p : Antiferromagnet, M subl || c (magn. order see Fig. 2.2) 

x = 0.75, 0.85, 0.96: I = 62, 77, 92 K, resp.; FC scans through 
afm. Bragg refl. (0, 1, 0) at 4.5 K with H 0 || c: 

/(f x , 1, 0) [0 < Hq < 9.8 T] —> order in the layers 

1(0, 1, Q [0 <H 0 < 0.7 T] -» order between the layers 

x = 0.85 v = 0.73(2) k£ = 0.49(2) nm 1 ^ jn y 

x = 0.96 v = 0.71(3) ic~l = 1.14(16) nm > 


K 2 Cu x Znj_ x F 4 

1) el. + quasi-el. n-scatt. 

2) meas. % 

3) EPR LW h.t. 


x > x p : Ferromagnet, M Lc (magn. order see Fig. 3.27) 
x = 0.60: no magn. intensity at Bragg reflection (0, 0, 4); 
fm. Bragg rod (0, 0,4.5) -> K(T) [1 K < T< 4 K] 

x = 0.75 (T c = 2.3 K): % ac t 1 MHz 2 °0 MHz h 
[2.0 K < 7<3.5 K] —> Cole-Cole plot (Eq. 4.143) 
x = 0.8 (T c = 3.90 K): Zac for/= 7 Hz [2.2 K < T< 6.5 K] 
and/= 300 Hz [4.5 K < T < 9 K] 

0.1 <x < 1.0: A7/ EPR (y/) at 295 K; 

A^ epr (x) for y/= 0°, 55°, 90°; 

satellite line at 2v (half-field EPR) 


References, remarks 


[9313, 9414, 9512]; fractal structure of a percolating network, 
fractal dimension Df (Eq. 4.100), theoretical value: 

D f = 91/48 = 1.89583 (cf. Eq. 4.102) 

[9011, 9414], see also [8314, 85B3, 85B4]; 
magn. meas.: M; n-diffraction: /Bragg = /(l, 0, 0) 

[80C1, 84A, 86A5]; I(q): Eq. 4.105; I(co) ~ F n (K, co) 

[ F\\(K, 0)): Eq. 4.131; fj| ~(xn) z [cf. Eq. 4.134]; 
analysis yields z = 2.4(1) agreeing well with theory z = 2.47 for a 
percolating network 

[9513]; the additional term is ascribed to anomalous spin 
diffusion 


[84D2]; FC scans lead to a frozen-in nonequilibrium domain 
structure (random field effect) 

£x = <7x/this order unexpectedly long-range 

£ z = ? z /c*;/fitted to Eq. 4.123 —> K z = (Eq. 2 of [84D2]); 

" order along c broken up by p (cf. Eq. 4.115b) and for H 0 = 0 by 
site-random fields (dilution) 


[79W3]; fit of/(g) to Eq. 4.28; analysis of K analogous to Eq. 4.109, 
see also [76B7] 

see Fig. 2 of [80H10}: two types of nearly semicircles, 
type 1: 2.05-2.65 K, type 2: 2.05-2.45 K 

[95B2]: evidence for a dilution-induced Griffiths instability in the 
temperature range 7c(x) < T < T c (x = 1) 

EPR at 10 GHz [83Y1, 83Y2]; A/7 E p R (i//) in accordance with 
Eq. 4.182 (x > 0.26) and with Eq. 4.185 (x = 0.10); 
evidence for spin diffusion 




















Table 6. Data about Critical Behaviour (continued) 


Compound 


Critical exponents, critical amplitudes etc. 


(CH 3 NH3) 2 Cuo. 9 2Cdo.o8Cl4 


Ferro magnet. Ml. c (magn. order see Fig. 3.27) 


meas. X ac 


X ac (T) [1.2 MHz </< 173 MHz, 0 < (T/T c - 1) < 0.09] 
-4 Cole-Cole plot (Eq. 4.143) 


f) mixed magnets 

Uh 2 Ci| v Mn x Cl4 

1) el. + quasi-el. n-scatt. 
and meas. X 

2) el. + quasi-el. n-scatt. 

3) el. + inel. n-scatt. 


Mixed system with competing exchange interactions 
r c (x), 7 N (x) for various x: see Fig. 4.49 where the different 
types of magn. order are indicated; data widely scattered, 
probably because of a high degree of disorder 
x = 0.20: (easy-plane fm.): magnetic contribution to (0, 0, 4) 
Bragg refl. -4 /(T) ~ M\T) -4 T c = 45.3 K, |3 = 0.223 

x = 0.75 (easy-plane afm.): afm. Bragg refl. (1, 0, 0) —> 

I(T) ~ M 2 subl (T) -4 r N = 34.3(5) K, p = 0.52(10); 

x = 0.75: afm. Bragg rod (1,0, -0.392) —> I(q) —> k(T) -4 
fit K=Koe~ b/T ^> Kq/ a* = 0.48(4), b = 132(10) K 
x = 0.20 (easy-plane fm.): fm. Bragg rod (0, 0, 1.4) -4 
/(ft), q) —» considerable widths Aft)and A q below T c 
(cf. Fig. 2of[92S7]) 

x = 0.59 (spin glass behaviour): magn. Bragg rod (1, 0, 0.25) 

-4/(ft), q) -4 k(T), r(T) -4 T t = 11 K 
x = 0.70 (easy-plan afm.): afm. Bragg refl. (1, 0, 0) —> 
^~<bl( r ) ^N = 45 K, P = 0.5 
x = 0.70: afm. Bragg rod (1,0, 0.28) -4 /(cq q) -4 considerable 
widths A ft) and A q below Tjj (cf.Fig. 2 of [88T2]) 

x = 0.5: H res (T), AH epr (T) [35 K < T< 80 K], ZFC 
FC exp. 

x = 0.7, 0.9: T n = 45.2 K for x = 0.9; A7/ EPR (7) 

[45 K < J< 90 K] for H 0 || c and HI. c 


4) EPR LW 


References, remarks 


[8001]; Fif. 4.50: semicircle for T/T c > 1.08, strong deviation from 
it closer to T c (distribution of T) 


Fig. 4.49: n-scatt. [84M1, 86N3, 88H4, 88K8, 88S7, 88T2, 89S1, 
92S7], meas. X [88K8]; additional information: see [81M1, 82K6, 
84K8, 86K12, 91S1] 

[9 1S1 ]; analysis of exp. data with a 4D integration technique in 
. (q, CO) space [92S9] 

[88H4]; p close to the mean field value 0.5 

fit of I(q) to Eq. 4.28; k(T): see Fig. 3 of [88H4]; 
analysis and fit of k: Eq.2 of [88H4] 

[92S7]; analysis of the exp. data with a 4D integration technique 
[92S9]; results indicate: magn. order not long-ranged but limited 
in space and time 

[86N3, 88S7]; r —> 0 = T f (spin glass freezing) 

[88T2, 89S1]; P equal to the mean field value 

below T n : Aft) and A q indicate a magn. order not long-ranged 
but limited in space and time 

EPR at 9.008 GHz [83T7]; the results indicate spin glass 
behaviour 

EPR at 9.008 GHz [84K6]; critical broadening of A// E p R is for 
x = 0.7 less drastic than for x = 0.9 























Table 6. Data about Critical Behaviour (continued) 


Compound 


Critical exponents, critical amplitudes etc. 


K 2 Mn 1 _ x Fe J F 4 
1) el. + quasi-el. n-scatt. 
+ meas. % 


Mixed antiferromagnets with competing anisotropies 
several afm. Bragg refl.: 7(7) ~A7^ ubl (r) —> p; 

X studied with respect to magnetic ordering 
x = 0: T n = 42.14(2) K, P = 0.15(2), 6> Mn = 0° 

x = 0.008: r N = 41.5(10) K, 0 Mn =e Fe = O 

x = o.oi9 r N = 40( i) k, e Mn = e Fe = o 

x = 0.022: T n = 40.5(1) K, T R = 16(2) K, P = 0.19(1), 

T> T r . e Mn = e Fe = 0 °,T< T R . 0° < 0M n , 0 Fe < 90°, 0 Mn * 9 
multicritical point: x c P = 0.026, T c p = 36 K 


O 

O 


Fe 


2) n-diffraction 


x = 0.028: T n = 36.91(5) K, T R = 19(2) K, P = 0.27(2), 

T> T r : 0 Mn = 0 Fe = 90°, T< T r : 0° < 0 Mn , 0 Fe < 90°, 0 Mn ^ 0 Fe 

x = 0.061: 7 N = 42.30(5) K, P = 0.26(2), 0 Mn =e Fe = 9O° 

x = 0.125: J N = 44.0(1) K, P = 0.21(2), 0 Mn =e Fe = 9O° 

x = 1.0: T n = 63.0(3) K, P = 0.15(2), 0 Fe = 9O° 

x = 0.022: afm. Bragg refl. (0, 1, 0) ^7(7), ZFC and 
FC exp. —> history-dependent magn. order 


3) EPR LW 


T> 7’ n : A77 epr ( 7) power law (Eq. 4.165) 


= 0.001 

H 0 \\c: 

P = 2.3(2), 

p= 1.4(3) 


H 0 ±c : 

p = 2.2(2), 

p= 1.5(3) 

= 0.007 

H 0 \\c: 

P = 2.2(3), 

P= 1.3(2) 


H 0 ±c : 

P = 2.2(3), 

p= 1.5(2) 

= 0.015 

Ho || c: 

P = 2.4(3), 

p= 1.3(2) 


77 0 lc: 

P = 2.4(3), 

p= 1.4(2) 

= 0.018 

Ho || c: 


p= 1.4(2) 


77 0 lc: 


p= 1.4(2) 


t CH «0.2 


t C H«0.5 


tcH“0.8 


t<0.15 


x = 0.001, 0.007, 0.015; T= 293 K (h.t.): A77 EPR (l//) and 
A77 epr (x) for y= 54.7°, see Fig. 4.69 or Fig. 2 of [84V4] 


References, remarks 


definitions —> p: Eq. 4.20; 0 Mn , 0 Fe : Eq. 3.149b 

[73B1] 

[78B4] 

[78B4] 

• [77B8, 78B4, 78B10, 79B2, 86F5] 

[86F5] 

■ [77B8, 78B4, 78B10] 

[77B8, 78B4, 78B10] 

[77B8, 78B4, 78B10] 

[82T1] 

[79B2, 86F5]; random field effects due to the disorder in this mixed 
antiferromagnetic system 

EPR at 24 GHz [84V4]; fit of A77 EPR (7) to Eq. 4.165 

7'n = 41.0(5) K; 1 st value of p: t > t CH , 2 nd value of p: t < t CFI (cf. 

. 1 Eqs. 4.190a, 4.190b) 

' ?N = 40.5(5) K; further explanations see above 
' T n = 34(2) K; further explanations see above 

' ?n = 34(1) K; further explanations see above 

f EPR at 24 GHz [84V4]; fit of A77 EPR (l//) to Eq. 4.182, A77 EPR (x) is in 
accordance with Eq. 4.189 























Table 6. Data about Critical Behaviour (continued) 


Compound 


Critical exponents, critical amplitudes etc. 


KjMiijCoj.jFj 

1) el. + quasi-el. n-scatt. 

2) EPR LW 


Mixed antiferromagnets, M subl || c (magn. order see Fig. 2.2) 
x = 0.98: several afm. Bragg refl.: I(T) ~ (T) 

—» r N = 44 K, P = 0.16(2); preferred spin direction: || c 
T> T n : AH epr (T) —> power law (Eq. 4.165) 


x = 0.992 H 0 || c: p = 2.4(3), p = 1.4(2) 
i/ 0 _Lc:p = 3.0(3), p= 1.5(3) 


ten » 0.8 


K 2 Mn x Nij_ x F 4 

1) NMR 

2) EPR LW 


Mixed antiferromagnets, M sub | || c (magn. order see Fig. 2.2) 
x = 0.01, x = 0.99: 19 F r NMR in K 2 NiF 4 

[2 K < T< 30 K] and 7'| Ji (r) in K 2 MnF 4 [2 K < T< 20 K] 


T> r N : A// EPR (7) —> power law (Eq. 4.165) 

x = 0.98 H 0 || c: p = 2.5(2), no change of slope 
H 0 _L c: p = 2.5(2) . . in the log-log plot 


x = 0.90 H„ || c: p = 2.5(2), 
H 0 .Lc: p = 2.5(2) 


no change of slope 
in the log-log plot 


x = 0.875 H 0 || c: p = 2.5(2), p = 1.5(3) 
Hq ±c:p = 2.5(2), p= 1.5(3) 


tc h “ 0.2 


x = 0.875, 0.90, 0.98; T= 293 K (h.t.): A// EPR (w) and A7/ EPR (x) 
for y/= 54.7°, see Fig. 6 of [84V4] 


Rb2Mno.5Nio.sF 4 

el. + quasi-el. n-scatt. 


Mixed antiferromagnets, M sub t || c (magn. order see Fig. 2.2) 
afm. Bragg refl. (1, 0, 0.5): I(T) ~M; ubl (T) 

F n = 68.72 K, (3 = 0.16(1) [34.4 K < T< T N ] 
scans across afm. Bragg rod (1,0,0.4) —> y= 1.60(15), 
v = 0.9(1), r\ = 0.20(5), k+ / a * = 0.126, icj / a * = 0.035 


References, remarks 


• [78B4]; P: Eq. 4.20 

EPR at 24 GHz [84V4]; fit of AH EPR (T) to Eq. 4.165 

r N = 45(1) K; 1 st value of p: t > t CH , 2 nd value of p: t < t CH 
.1 (cf. Eqs. 4.190a, 4.190b) 


[83V1]; study of 7) of the impurities yields information about 
their spin autiocorrelation 

EPR at 24 GHz [84V4]; fit of A// EPR (7) to Eq. 4.165 

J N = 44(1) K; 1 st value of p: t > t CH , 2 nd value of p: / < t cH (cf. Eqs. 
.1 4.190a, 4.190b) 

= 47(1) K; further explanations see above 
' t n = 49(1) K; further explanations see above 

' EPR at 24 GHz [84V4]; fit of A7/ EPR ( 1 //) to Eq. 4.182, A// EPR (x) is in 
accordance with Eq. 4.189 


[76A3, 77B2, 77S1]; P: Eq. 4.20 

[77B2, 77S1]; y, V, p, )C+, Kl: Eqs. 4.26, 4.28, 4.32, 4.32a, 4.35; 
separation of X\\ and Xl- see S ect - 4.1.5 




























Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

K 2 Mn x Cuj_ x F 4 

LMB 

Mixed system with competing exchange interactions 
d(An)/dT: contributions from Mn-Mn, Cu-Cu, Mn-Cu pairs 
x < 0.23, at low T: anomaly of d(A«)/dr Tq 
x > 0.23: broad maximum of d(AH)/drnear 85 K 
x > 0.62: sharp peak of d{An)/dT -> r N 

(C 2 H 5 NH 3 ) 2 Mn 1 _ x Cu x Cl 4 

EPR LW 

Mixed antiferromagnets 

x = 0, 0.03, 0.08, 0.30: A7/ EPR (7) for y/= 0°, y/= 55° 

[30 K < T< 295 K] and A7/ EPR (y/) at T= 295 K 

K 2F e l-xCo x F 4 

1) el. + quasi-el. n-scatt 

and also 

Mdssbauer study, 19 F-NMR 

Mixed antiferromagnets with competing anisotropies 
afm. Bragg refl. (1, 0, 0): I{T) ~M 2 sm (T) 
afm. Bragg rod (1,0, 0.4): I(q) —> x(q) 

H hf (T) ~ M sm (T), f NMR _(T)~M sabl (T) 
x = 0: = 63.0(3) K, (3 = 0.15(1), e Fe = 90° 

x = 0.12: T n = 60.6(5) K, |3 = 0.16, e Fe =0 Co = 9O° 

x = 0.18: 7 n = 57(2) K, e Fe =0 Co = 9O° 

multicritical point: xq P = 0.22, Tq p = 57 K 

x = 0.27: J N = 64.4(6) K, J R = 27(2) K, p = 0.25(2), 

T> J R : 0 Fe = Gq 0 = 0 °,T< T r : 0°< 0 Fe , 6q 0 < 90°, 0 Fe 9q 0 

x = 0.55: J N = 89.6(1) K, J3 = 0.13(2) e Fe =0 C o = O° 
from rod scans: y= 1.5(3), V = 0.7(2) 

x = 0.60: J N = 92.2(1) K, 0 Fe =0 Co = O° 

x = 0.70: 7 N = 97(1)K, 0 Fe =0 Co = O° 

x= 1.0: J N = 107.85(5) K, |3 = 0.123(8), 0 C o = O° 

2) n-diffraction 

x = 0.27: FC scans through afm. Bragg refl. (1, 0, 0) 
at 5 K and 45 K with H 0 || c [0 < H 0 < 3 T] 

/(l, 0, £ z ) —> order between the layers —> I~ (q 2 + K 2 ) -1 

~ H 0 7 ^Y= 1.3(2), H v 0 ^v = 0.7(2) 


References, remarks 


[88J2] 

mainly contributions from Cu-Cu pairs 

Schottky anomaly, mostly contributions from Mn-Cu pairs 

mainly contributions from Mn-Mn pairs 


EPR at 10 GHz [88T 1 ]; A// EPR (7) and AH EPR (y/) are in accordance 
with Eqs. 4.164 and 4.182, resp. 


definitions —> |3: Eq. 4.20; 0 Fe , 0 Co : Eq. 3.149b 
Y, v: Eqs. 4.26, 4.28, 4.32, 4.32a 
determination of 0 Fe = Z.{H bF , c-axis) 

[82T1 ]: n-scattering; [78T2]: Mossbauer study 
[86V 1 ]: n-scattering; [88V2]: 19 F-NMR study 
[86V2, 88V2J: 19 F-NMR study 
[86V 1 ]: n-scattering 

[83V3, 86V1]: n-scattering; [85V3]: Mossbauer study; 

. 1 x« 0.2 data of [84H3] are similar to the x = 0.27 data 

■ [86V1]: n-scattering; [85V3]: Mossbauer study 

[84H3]: n-scattering 
[85V3]: Mossbauer study 
[7411, 7412]: n-scattering 

[84V7]; FC scans lead to frozen-in nonequilibrium domain structure 
(random field effects) 

Cz = ?z/c*; order along c broken up by (cf. Eq. 4.115b); 
details of the analysis in [84V7] 















Table 6. Data about Critical Behaviour (continued) 


Compound 

Rb 2 Fe x Coi_ x F 4 
1) Mossbauer study 


2) (7n, x) phase diagram 

Rb 2 Co x Nix_ x F 4 

1) Cmagn 

2) el. + quasi-el. n-scatt. 


Rb 2 Co x Cui_ x F 4 

1) el. + quasi-el. n-scatt. 
and meas. % 

2) meas. M 


Critical exponents, critical amplitudes etc. 


Mixed antiferromagnets with competing anisotropies 


H h ^T) ~M subl (7) 
x = 0.02 
x = 0.35 
x = 0.58 
x = 0.81 
x = 0.89 
x = 0.93 
x= 1.00 


T n (x), 0 Fe (x) 

7 N =102K 
r N = 85 K 
r N = 74 K 
r N = 53 K 
r N = 50 K 
T n = 53 K 


T n = 57 K 
model calculation, datails see Table 5 


0 Fe = O° 

0 Fe =lO(l)° 

0 Fe =12(l)° 

®Fe = — 

^Fe = 86(1)° 
^Fe = 90(1)° 
0 Fe = 9O° 


Mixed antiferromagnets, M subl || c (magn. order see Fig. 2.2) 
symm. log. singularity at Tn 
x = 0.50: r N = 114.8 K, zl + = 2.10, ^“ = 2.04 

x = 0.65: T n = 112.9 K, A + = 1.53, .4“= 1.68 

x = 0.80: r N = 111.9 K, yl + = 2.06, A~ = 2.\2 

x = 0.5: afm. Bragg refl. (1, 0, 0) with 7(7) ~47j ubl (7') 

(3 = 0.125(5) [0.03 <t<0.1J 
afm. Bragg rod (1, 0, -0.51): [0.01 < t < 0.25] 

—> y= 1.67(13), v = 0.98(6), i\ = 0.2(1), k+/ a* = 0.35(2) 


Mixed system with competing exchange interactions 
r c (x), J N (x) for various x: see Fig. 3.72 in Sect. 3.3.6, where 
the different types of magn. order are indicated 

x = 0.218 (spin glass): M(H 0 , 7) fori/o || c, FC exp., 

[1.5 K<7<4.5 K, 0.1 mT <H 0 < l T], cf. Fig. 4.42 

* = M/Hq (Fig. 4.43) -4 2 nl -» a 3 (7), a 5 (7) [Fig. 4.44] 

-> Y+ P = 9.0(5), y = 4.5(2) |3 = 0.0(7) (T c = 0) 


References, remarks 


[84H4]; 0 Fe = Z{H hf , c-axis) 

these data provide the (7 N , x) phase diagram, 
see Fig. 6 of [84H4] 

broad distribution of 0 Fe , see Fig. 2 of [84H4] 


[77M5, 7803, 84H4]; modal results: see Fig. 7 of [84H4] 


sharp phase transition 

' [ C p by ac cal. [8113]; 

1 fit of the experimental data for C p to Eq. 4.17 
[ with the constraint D + = D~ 

■ [8113]; r N = 114.8 K; (3: Eq. 4.20 
• [8113]; y, v, 11 , K+ : Eqs. 4.26, 4.28, 4.32, 4.32a 


[88D1, 88D11, 92S1, 92S8], datails of magn. phase diagram 
in Table 5 and Sect. 3.3.6 

[88D7, 88D8, 88D10]; vibrating sample magnetometer, all data 
corrected for demagnetization 

analysis forM, ^and^ n i by means ofEqs. 4.124-4.126, scaling 
relation Eq. 4.127 (Fig. 3 of [88D7]) 

















Table 6. Data about Critical Behaviour (continued) 


Compound 

Rb 2 Co x Cui_ x F 4 (cont.) 
3) meas. Zac 


4) time evolution 


Critical exponents, critical amplitudes etc. 


x = 0.110 ( easy-axis fm.): 

Zac (T) [2 K < T< 8 K,/= 3.53 kHz], in a dc-field H 0 || c 
[0 < Hq < 0.2 T] superimposed to the ac-field —> 

T c = 4.95(5) K,)3 = 0.1(5), y= 1.5(3) 
x = 0.218 (spin glass): 

Zac (co,T), z"ac((Oj) [1 K < T< 7 K, 0.3 Hz </< 50 kHz] 
(cf. Figs. 4.45, 4.51), corrected for demagnetization 

Cole-Cole equation: a = 0.900(2) at 3.50 K, a = 0.848(5) at 
6.00 K -> r c (7): see Fig. 4.52 

T c — H|/v = 2.2(2), T 0 = (2 ±l)-10- 13 s,h= 10.8(6) K 
with v = 2.3(4) -> y = 0.9(2), 0 = -V 1 = -0.43(7) 
scaling plot Zac - T ~ q vs. [-ln(®T 0 ) • 7''l' v ] —> T 0 = 10 _13 0's 
q = -3.0(5), l|/V = 2.2(3) -> y = 4.2(6), V = 2.3(4), \|/ = 0.9(2) 
x = 0.11 (fm.), x = 0.22, 0.33 (spin glass): 

Xac(0- t), xlc((>),t) [0.01 Hz </< 56 Hz], rapid cooling: 

x = o.i i r-9K^r=3.9K(<r c ) 1 

x = 0.22 r = 9K^r=3.2K(<r f ) r within » 45 s 

x = 0.33 r-9K^r=3.7K(<r f ) J 

both, ^ac(®> 0, X ac(G>, 0 , yield 

for x = 0.11 (d-0)/\|/= 5.0(9) and \|/ = 0.20(5) 

x = 0.22 (d-0)A|/= 2.4(2) and \|/ = 0.93(10) 

x = 0.33 (d-0)/\|/= 2.1(2) and \|/ = 1.06(10) 


References, remarks 


[88D1, 88D11]; detenn. (3 and Yfrom scaling plot Zac ' 

versus Hq/\ t | A (Eq. 4.12b) so that all data collapse on a single curve 


[88D9, 88D11, 89D3, 90M]; co= 271 f, demagnetization correction: 
Eq. 3.94b; maximum of Zac (®) = 7](co) 

Cole-Cole equ.: Eq. 4.144; Cole-Cole plot: Eq. 4.145 
a » 0.9 = wide-spread distribution g(r) [Fig. 4.53] 

fit of T c to Eq. 4.147 in the range 3.7 K < T< 6.8 K; 
activated dynamics: Eqs. 4.146 and 4.147 

[88D8], activated dynamics scaling relation Eq. 4.128; scaling plot: 
Fig. 4.46; analysis with r) = 0.2(2) 

[93S2, 93S3, 95V]; ordering kinetics, aging; 

co = 2nf 

t = time after the quench [10 s < t < 10 4 s]; 

" long relaxation times correspond to a domain growth 
. R(t) ~ [^n(t/To)] 1/ 'l , (Eq. 4.149) 

I exp. data of Zac an d Xac fitted to Eq. 4.150 for various/ 

(T 0 = 1/ COq = 210- 13 s) ((d - 0)/\|/; 

0 = 1 for fm. and 0 = -0.25 for spin glass 



















Table 6. Data about Critical Behaviour (continued) 


Compound 

Critical exponents, critical amplitudes etc. 

Rb 2 Co x Cu^ x F 4 (cont.) 

5) el. + quasi-el. n-scatt. 

x = 0.037 (oblique fm.): fm. Bragg rod (0, 0, 1.7) 

Kq) T) -» K(T) [2 K < T< 11 K], 

-A KT-theory [5 K< T< 11 K], const. [T< 3.3 K], K/a* = 0 

x = 0.88 (easy-axis afm.): afm. Bragg refl. (1, 0, 1) 
l(T) ~ M s 2 ubl (J) -A r N = 88.1(1) K, p = 0.16(4) 

x = 0.88: several afm. Bragg rods — > I(q) -A K—> y = 1.5(2), 
v= 1.02(4), k+ /a* = 0.34(3), K x ta* = 0.011(2) 

x = 0.88: afm. Bragg refl. (1, 0,1) [1 = 0. 1, 2] — > 7(1, 0, £ z ) 
-ak z /c* = 0.06 = 4/c = 2.65 at T= 13 K 


II. Structural Phase Transitions 

a) Fluorides 

no data about critical properties at structural phase transitions 

b) Chlorides, Bromides, Iodides with inorganic A + -ions 

no data about critical properties at structural phase transitions 

c) Chlorides and Bromides with organic A + -ions 


(CH 3 NH3) 2 MnCl4 
linear birefringence 

THT Tq i (cont. pt.) — > ORT 

An, T C1 = 394.81 K -a P = 0.337(5) [0.001 < 1 1 \ < 0.02] 

(CD 3 ND 3 ) 2 MnCl 4 
el. + quasi-el. n-scatt. 

THT 7 C1 (cont. pt.) —> ORT 

superreflection (3, 0, 2): I ~ Tq\ = 389.6 K 

-a P = 0.33(6) [0.002 < | h | < 0.13] 

(C 2 H 5 NH 3 ) 2 MnCl 4 

linear birefringence 

THT <— J C1 (cont. pt.) -A ORT <r- T C2 (disc, pt.) —> OLT 
An, T C1 = 424.39 K -a p = 0.283(5) [0.001 < | t x \ < 0.02] 

T C2 = 226.4 K -a P = 0.303(10) [0.0008 <\t 2 \< 0.006] 


References, remarks 


[92S8]; x±(T) and k(T): see Fig. 2 of [92S8]; 

KT-theory = Kosterlitz-Thouless theory: % (Eq. 4.44) 

. | = K- 1 (Eq. 4.43); fit result: b = 2.20(25) 

[94S4, 95S2], see also [92S1]: (3: Eq. 4.20 

fit of I(q) to Eq. 4.29; y, v, jcJ, jq: Eq. 4.129 and 4.130 
( K\ results from disorder phenomena) 

/(1,0,Q = I(q z ) to Eq. 4.123 -AK Z ; 
predominantly 2D order: ^in-plane » £ z 


complete sequence of struct, phase transitions: Table 4 
[81K1], see also [74K1 ]; exp. data fitted to Eq. 4.84 

complete sequence of struct, phase transitions: Table 4 
■ [78L1 ]; exp. data below T ct fitted to Eq. 4.83 

complete sequence of struct, phase transitions: Table 4 

[81K1], see also n-scattering data in [86A 1 ]; 
exp. data below T C \ and below T c2 fitted to Eq. 4.84 


















Table 6. Data about Critical Behaviour (continued) 


Compound 

(CH 3 NH 3 ) 2 FeCl 4 

1) specific heat anomaly 

2) linear birefringence 

3) elastic compliance 

4) sound attenuation 


(C 2 H 5 NH 3 ) 2 FeCl 4 
1) specific heat anomaly 


2) elastic compliance 


Critical exponents, critical amplitudes etc. 


THT <- T cl (cont. pt.) ORT 

AC P , Fd = 332.45 K [-0.1 </, <-0.0003, 0.00035 < t x < 0.01] 
—M + = 0.675, A~ = 0.670, A + /A~= 1.008, 

D + = 3.45, D~= 5.03 

An, 7ci = 328 K —> (3 = 0.318(6) [0.0045 < | t x | < 0.26] 

S 66 , T cl = 332.65 K —> p = 0.42, (> = 1.21 [0.003 < t x < 0.2] 

S° 6 = 1.28 ■ 10- 10 Pa- 1 ,5+ 6 = 1.068 ■ 10" n Pa" 1 

a measured for [5 MHz < (mUn) < 70 MHz], 
r cl = 332.6(2) K —> p = 1.82(10) [0.001 <t l <0.5] 

r —> zv = 1.40 [0.001 <t x <0.5], rj = 9.21 ■ 10" 15 s 

THT I’d (cont. pt.) —> ORT <— T C2 (cont. pt.) —> OLT 

C p , 7’ C1 = 377.49 K [-0.03 <t x <-0.0015, 0.002 <t { <0.007] 
A + = 0.705, A~ = 0.740, A + /A~ = 0.95, 

D + = 43.59, D~ = 45.01, E = 34.68 

C p , T C1 = 203.35 K [-0.05 <t 2 < -0.005, 0.003 <t 2 < 0.4] 
~^A + = 0.399, zT= 1.720, A + "/A-= 0.232, 

D + = 34.36,7)" = 33.16, E= 15.36 

C p , T C2 = 203.75 K [-0.3 < t x < 0.04, 0.003 <t x < 0.4] 
a + = 0.068, or = 0.26; A + = 0.325, A~ = 0.945, 

A + /A~ = 0.344, D + = 29.58, Dr = 28.38, E = 15.39 

See, Tq\ = 379.0 K —> p = 0.38, (|> = 1.19 [0.025 < t; < 0.15] 
5° 6 =2.0- 10" 10 Pa ', <Sg 6 = 1.28 ■ 10" n Pa 1 

a measured for (co/2n) = 10, 30, 80 MHz, 
r cl = 379.0 K ^ p = 1.74(3) [0.003 < t x < 0.05] 

T —> zv = 1.33 [0.003 < fj < 0.05], r + = 1.04 ■ 10" 13 s 


3) sound attenuation 


References, remarks 


complete sequence of struct, phase transitions: Table 4 

82G1], C p by high-resolution ac cal. 

exp. data AC P = C p - C p 0 (background subtracted) 
above and below T cl fitted to Eq. 4.81 

[74K1 ]; exp. data below 7d fitted to Eq. 4.84 

[82G1], S 66 from sound velocity measurements; exp. data above 
I'd fitted to Eq. 4.86; (|): Eq. 4.87a (a = 0) 

[82Y2] 

exp. data above 7^1 fitted to Eq. 4.137 

r: Eq. 4.136; exp. data above 7' C i fitted to Eq. 4.138 

complete sequence of struct, phase transitions: Table 4 
84Y1], C p by high-resolution ac cal. 

■ exp. data above and below 7d fitted to Eq. 4.82a 
84Y1], C p by high-resolution ac cal. 

■ exp. data above and below T C2 fitted to Eq. 4.82a 

84Y1], C p by high-resolution ac cal. 

■ exp. data above and below T C2 fitted to Eq. 4.82b 

[83S 1 ], Agg from sound velocity measurements; exp. data above T C l 
fitted to Eq. 4.86; 4>: Eq. 4.87a (a = 0) 

[83S1] 

exp. data above 7^1 fitted to Eq. 4.137 

r: Eq. 4.136; exp. data above fitted to Eq. 4.138 

















Table 6. Data about Critical Behaviour (continued) 


Compound 


Critical exponents, critical amplitudes etc. 


References, remarks 


(CH 3 NH 3 ) 2 CuC1 4 
linear birefringence 


Bbcm <r- Tq (cont. pt.) —» P12 3 /cl 

T c = 348.50 K, pt. slightly 1 st order: A n(T c ) = 1.09 ■ 10“ 3 

An ~\t | 2 P; T c = 349.16 K, p = 0.173(5) [0.001 < 1 1 \ < 0.015] 


complete sequence of struct, phase transitions: Table 4 

[79K3], see also [77H1 ]; exp. data below T c fitted to Eq. 4.84; 
. diminution of (3 due to vicinity of TCP 


(C 2 H 5 NH 3 ) 2 CuC1 4 
linear birefringence 


Bbcm <— T C i (cont. pt.) —> P 12[/cl 

T C \ = 364.05 K, pt. slightly 1 st order: A n(T cl ) = 7.5 ■ 10“ 4 

An~\t | 2 P; T cl = 365.23 K, p = 0.186(8) [0.001 < 1 1 \ < 0.015] 


complete sequence of struct, phase transitions: Table 4 

[79K3], see also [77H1 ]; exp. data below 7c 1 fitted to Eq. 4.84; 
. diminution of p due to vicinity of TCP 


d) Diammonium Compounds with X = Cl , Br 


[NH 3 (CH 2 ) 4 NH 3 ]MnCl 4 

linear berefringence 


OHT <- T c (cont. pt.) MRT 

An, T c = 381.9(1) K-> p = 0.325 [0.0005 < 111 <0.05] 


[ND 3 (CH 2 ) 4 ND 3 ]MnCl 4 

2 d-nmr-nqr 


same phase sequence as above, slightly different Tq 
T c = 377 K —> p = 0.34(2) [0.006 < 1 1 \ < 0.03] 


[NH 3 (CH 2 ) 3 NH 3 ]CdCl 4 


OHT <— Tq (cont. pt.) —> ORT 

Tq = 375 K, no data about critical behaviour 


[ND 3 (CH 2 ) 3 ND 3 ]CdCl 4 

2 d-nmr-nqr 


same phase sequence as above, slightly different Tq 
Tq = 368.7(3) K —> P = 0.21(2) [0.002 <|t| <0.05] 


[NH 3 (CH 2 ) 5 NH 3 ]CdCl 4 


OHT <r- Tq2 (cont. pt.) —> ORT 

Tq = 340 K, no data about crirical behaviour 


[ND 3 (CH 2 ) 5 ND 3 ]CdCl 4 

2 d-nmr-nqr 


same phase sequence as above, slightly different t C2 
Tq = 332.7(1) K -> p = 0.26 [0.001 < 1 1 \ < 0.1] 


complete sequence of struct, phase transitions: Table 4 
[81K3]; exp. data below Tq fitted to Eq. 4.84 


[81K3]; exp. data below Tq fitted to Eq. 4.85 

complete sequence of struct, phase transitions: Table 4 
[81K3] 


[81K3]; exp. data below Tq fitted to Eq. 4.85 

complete sequence of struct, phase transitions: Table 4 
[81K3] 


[81K3]; exp. data below T c fitted to Eq. 4.85 
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